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Abstract 
 
 The eukaryotic cell membrane is a complex mixture of cholesterol, lipids, and proteins.  
Direct study of the cell membrane must include these multiple variables, which significantly 
complicates their analysis.  Model systems minimize the number of components used in a 
membrane study.  Atomic force microscopy (AFM) can be employed to study the morphology of 
model supported phospholipid bilayers (SLB).  Thermal and diffusive properties of membranes 
are identified using differential scanning calorimetry (DSC) and fluorescence correlation 
spectroscopy (FCS).  Attenuated total reflectance infrared spectroscopy (ATR-FTIR) can be 
applied to observe SLB disruption.  This suite of techniques has been used to observe 
interactions of molecules interfering with phospholipid bilayers.  Single- and multicomponent 
SLBs and phospholipid vesicles are employed as models of cell membranes.   
The effects of the pore-forming peptide alamethicin are shown for lipid bilayers with 
varying compositions.  A correlation between the presence of sphingomyelin or cholesterol and 
increased pore formation is identified by the increase of potassium leakage through vesicles and 
formation of raft structures visible with AFM.  ATR-FTIR shows that alamethicin disrupts all 
types of bilayers studied, suggesting that the observed effects are directly correlated to 
alamethicin incorporation. 
 A comparison is made between the interactions of two polychlorinated biphenyl isomers 
and an SLB.  A study of AFM micrographs identifies multiple phase transitions in one isomer, 
but only one phase transition for the other isomer.  Two transitions are consistent with an 
uninterrupted bilayer, but one transition suggests that an intercalated molecule ties the bilayer 
leaflets together, or a contaminant molecule disrupts substrate ordering on the bilayer.  DSC 
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results show that one isomer is more strongly associated with the bilayer than the other isomer, a 
difference that is explained based on geometric differences in the isomers.  FCS is employed to 
observe a PCB-lipid complex which highlights the different strengths of interaction between 
PCB isomers and lipids.  A model is proposed where the ortho-substituted PCB isomer inserts 
into the bilayer and strongly associates with the hydrophobic region.  In contrast, the planar PCB 
isomer does not insert deeply past the hydrophilic region of the bilayer, which allows it to 
interrupt interactions between the substrate and its closest bilayer leaflet. 
We employ atomic force microscopy to show interactions of sphingomyelin or 
cholesterol with a mixed DSPC/DOTAP bilayer.  We report that sphingomyelin, but not 
cholesterol, supports the formation of hexagonal crystalline domains.  These domains are small 
(ca. 70 nm) and can be observed with AFM as high as 40°C.  We use differential scanning 
calorimetry of DSPC/DOTAP vesicles in the presence of either sphingomyelin or gramicidin A 
to show the elimination of one thermogram peak.  This result suggests that sphingomyelin, like 
gramicidin A, interacts with both leaflets in the bilayer.  We report dichroic ratios measured from 
each bilayer composition with ATR-FTIR.  The methylene dichroic ratios in all bilayers decrease 
with introduction of both SM and Chol, but the magnitude of decrease is greater in the presence 
of SM.  A decrease in methylene dichroic ratios is related to an increase in lipid chain order.  We 
propose that SM exerts extensive hydrogen-bonding forces on DSPC and sustains structure to 
high temperatures when incorporated in a 40 mol% ratio.  At this same temperature, we propose 
that Chol does not support the same structure formation because it induces the liquid-ordered 
phase in DSPC/DOTAP.  We note that sphingomyelin promotes multilayer, not bilayer, 
formation. 
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Chapter 1.  Introduction 
 
1.1  Native and Model Structures of Cell Membranes  
 The eukaryotic cell membrane is a complex mixture of cholesterol, lipids, and proteins.  
Together, these components provide the necessary structure to protect cellular machinery, 
regulate molecular entry and exit in the cell, and participate in cell multiplication.   
The fluid mosaic model of physiological membranes, proposed by Singer and Nicolson in 1972, 
forms a basis for understanding how these cellular membrane components interact.1  Figure 1.1 
presents a simplified illustration of the cell membrane, as interpreted by the fluid mosaic model. 
 The fluid mosaic model suggests a flexible yet stable assembly of lipids.  This model 
invokes the concept of laterally-organized lipids, arranged with two leaflets, which stabilize 
membrane proteins.2  The membrane matrix is highly organized, largely because of hydrophobic 
forces and additional membrane components like cholesterol.  However, most of the membrane 
consitutents are not covalently bonded, which gives components the freedom to diffuse. 
Glycerophospholipids are the major component of cell membranes, comprising ca. 75% 
of total membrane constituents.3  Lipids are amphipathic, having a hydrophilic headgroup and a 
hydrophobic tail.  This property allows them to readily self-assemble into micelles or vesicles in 
solution.1  The thermal properties of lipid membranes are tunable.  The chain length and degree 
of saturation in lipids greatly changes the phase transition temperature in bilayers.4  Addition of 
multiple lipids or cholesterol are known to change the thermal characteristics of a membrane.1, 5  
Some trout species have been shown to alter their membrane lipid composition in order to 
acclimate to colder climates.6  Additionally, certain mixed lipid bilayers exhibit different thermal 
characteristics depending on whether they were prepared at low temperature, or prepared at high 
temperature and subsequently cooled before collecting thermal measurements.7 
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 Direct study of a native cell membrane must involve its multiple constituents.  This 
requirement complicates the ability to correlate results to the effect of specific components.  
Model systems overcome this barrier by limiting the study to only the most necessary 
constituents.  Model cell membranes generally include a phospholipid bilayer, and may also 
include additional constituents common to cell membranes, such as cholesterol and 
sphingolipids.  Two methods are commonly employed to form single bilayers on a hydrophilic 
support: at temperatures above the lipid phase transition, vesicles can fuse and form a bilayer on 
the solid support, or two monolayers can subsequently be transferred from the air-liquid interface 
to the support using a Langmuir-Blodgett trough.8, 9   
Several techniques have been used to study interactions between liposomes and 
polypeptides, including circular dichroism, electron microscopy, and nuclear magnetic 
resonance.10  Results of model membrane permeability, thermal behavior, and interactions with 
detergent molecules are similar to the results in their natural analogues.11, 12 
 
1.2  Towards a Compositionally Accurate Model of Cell Membranes  
 There are many applications for model cell membrane studies.  Biologically-based 
studies include effects that might have multiple causal agents.  For example, there is concern that 
the cell lysis effect of PCBs, previously attributed to protein receptors, might actually be caused 
by membrane lipid disruption.13  Beyond these concerns, there is a need for more study of the 
roles of membrane components, particularly cholesterol and sphingomyelin.  Despite many 
reports of such studies in the literature, there is little known about the role of sphingomyelin and 
how that differs from the role of cholesterol.14, 15   
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1.2.1  The Role of Cholesterol in Membranes 
Cholesterol is largely considered a stabilizing force in cell membranes.  When cholesterol 
inserts in a lipid bilayer, it organizes the acyl chains of adjacent lipids.16  This organization 
creates order yet maintains flexibility, giving rise to the “liquid-ordered” phase.17-19  Cholesterol 
is known to lower the lipid phase transition temperature (Tm) and reduce or completely eliminate 
the enthalpy of transition, particularly as its molar concentration approaches 50%.20-24 
Despite many studies on the matter, the role of cholesterol in cell membranes is not fully 
understood.  A very low level of cholesterol in some species, such as the nematode 
Caenorhabditis elegans, introduces questions about its necessity in structural stability.25  
Cholesterol is reported to inhibit vesicle fusion and leakage upon protein or peptide interaction 
with membranes.26, 27  However, cholesterol also promotes vesicle fusion and rupture in the 
presence of certain α-helical peptides.28, 29  This behavior of cholesterol, which seems 
contradictory, must be more fully studied. 
 
1.2.2  The Role of Sphingomyelin in Membranes  
 Sphingomyelin is considered a regulator of cholesterol distribution in cell membranes.15  
Sphingomyelin is often found associated with cholesterol, likely because its ability to hydrogen-
bond with cholesterol slows cholesterol depletion.15   
As native cell membranes contain a significant amount of sphingolipids, the role of 
sphingomyelin must also be well-understood.  Sphingomyelin has been implicated in the 
enhanced membrane interactions of both a GPI-anchored protein30 and apolipophorin III.31  
Sphingomyelin has also been shown to reduce the formation of membrane fusion pores which 
form in neat DOPC/DOPE bilayers by the fusion protein hemagglutinin.32  The cooperativity 
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between cholesterol and sphingomyelin is interesting, as these two molecules are the major 
components of  lipid rafts, according to the current model.33  One example of this cooperativity is 
neutralization of different effects seen individually for both cholesterol and sphingomyelin in 
DOPC/DOPE phospholipid bilayers.32  The formation of rafts is suggested to play a role in this 
cooperative effect.26 
 
1.2.3  Lipid Rafts in Membranes 
One subject of contemporary interest in membrane studies involves lipid rafts.  A lipid 
raft is a small (10-200 nm), heterogeneous sterol- and sphinglipid-rich domain, thought to 
provide a platform for membrane-associated proteins.33  Rafts are thought to play a role in cell 
signaling and membrane transport because they can anchor proteins associated with those 
processes.34 
Importantly, lipid rafts are highly concentrated with material in the liquid-ordered phase, 
which transitions to fluid phase about 15°C higher than the surrounding liquid-crystalline lipids.3  
Recent reviews have covered the dense literature and conclude that there is ample evidence 
supporting the existence of these domains.35, 36   
A model cell membrane allows for systematic addition of membrane components to best 
characterize the contributions from each species.  Fluorescence techniques, atomic force 
microscopy, and differential scanning calorimetry studies have been employed to identify rafts in 
model systems.37-40  However, more work involving the sequential addition of membrane 
components is required to fully understand their roles in raft formation and function. 
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1.3 Implications of Environmental Contaminants on Model Membranes 
 One area of related concern is the potential for environmental contaminant molecules, 
particularly those in the nanoscale regime, to interact detrimentally with cell membranes.  
Theoretical studies show that molecules partitioned into the bilayer can dramatically alter 
membrane dynamics.41  The environmental and human health impact of molecules which 
proliferate due to contamination or unintentional release should be characterized.   
 
1.3.1  Polychlorinated Biphenyls 
Polychlorinated biphenyls (PCBs) are small organic molecules used as insulators, which 
were primarily released into the environment by capacitor manufacturing plants.42  Several 
studies have investigated the mechanism for membrane disruption and cell lysis.13, 43-46  Some 
studies have concluded that membrane interaction with different PCB isomers results in different 
levels of cell death.45, 46  By understanding the specific mechanism of PCB-induced cell death, 
environmental remediation procedures can be optimized for the most toxic molecules. 
 
1.3.2  Silver Nanoparticles 
Silver nanoparticles have been demonstrated to impart bactericidal effects.47, 48  Several 
commercial applications include or propose the use of silver nanoparticles, including textiles49 
and antibacterial gels.50  However, concerns have been raised regarding human and 
environmental risk.51, 52  One report suggests that most silver particles released under typical 
washing and bleaching processes are greater than 450 nm in size.49  Identification of nanosilver 
with the greatest environmental proliferation will help advance studies for the most relevant 
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species.  Further investigations will identify how these species act in systems which model their 
exposure to cell membranes. 
 
1.4 Analytical Techniques to Investigate Model Cell Membranes 
 An ongoing challenge in studying model cell membranes is identifying analytical tools 
which convey information closely related to native cell membranes.  Each interrogation 
maximizes the study of certain characteristics at the expense of others.  The optimal solution is to 
apply different techniques and draw relationships between the data in each case.  Here, several 
techniques are noteworthy for their ability to probe interrelated characteristics of model cell 
membranes. 
 
1.4.1  Atomic Force Microscopy 
In the early 1980’s, surface probe microscopy (SPM) emerged as a new technique for 
direct observation of molecular topography.  Binnig and Rohrer introduced the scanning 
tunneling microscope (STM) to measure the topography of conductive surfaces,53 soon followed 
by Binnig’s report of the atomic force microscope (AFM) for topographical measurement of 
insulator surfaces.54    
 The benefits of AFM have been applied in membrane studies.  Techniques to create 
monolayers and bilayers, such as Langmuir-Blodgett and vesicle fusion, further created a matrix 
for AFM to rapidly study model membrane dynamics.  Furthermore, new modes of AFM were 
developed to allow intermittent contact between tip and sample.  This allowed AFM to collect 
excellently resolved images without severely damaging the sample. 
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 Although the use of supported lipid bilayers (SLB) does allow direct observation of phase 
morphology and behavior, it is not without shortcomings.  Feng and coworkers observed an 
effect of the solid support, where the two leaflets of the bilayer proceed through the solid-to-
liquid crystalline phase transition independently, unless they are bound together with a 
transmembrane species such as gramicidin A.55  It is very useful to pair AFM studies with other 
experiments that further probe membrane dynamics.   
 
1.4.2  Fluorescence Correlation Spectroscopy 
The diffusion properties of SLBs can be interrogated with fluorescence correlation 
spectroscopy (FCS).56-59  Figure 1.2 shows a schematic of the optical path used for FCS.  In this 
system, further described in Chapter 2, two photons are emitted from the source laser to excite a 
fluorescently-labeled sample.  The sample diffuses through a small focal region.  The 
concentration of fluorescently-labeled species is kept small so that only one fluorescing molecule 
is present in that region at a time.  In fact, the technique’s resolution is only limited to the 
diffraction limit of light and is well-suited for single molecule measurements.6  A computer 
autocorrelation of photons emitted by the relaxing sample molecules is used to calculate 
diffusion coefficients.  Diffusion coefficients can be used to compare relative mobility of a 
molecule through a medium, such as a SLB.  
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1.4.3  Attenuated Total Reflectance-Infrared Spectroscopy 
It is helpful to identify molecular structural changes within model membranes.  One 
useful technique for interrogating these changes in SLBs is attenuated total reflectance-infrared 
spectroscopy (ATR-FTIR).60  Figure 1.3 shows a picture of the ATR-FTIR optical path, which is 
further described in Chapter 2.  Here, infrared light reflects multiple times through a high 
refractive-index semiconductor prism, usually silicon or germanium.61  Because of its reflection, 
ATR-FTIR is relatively insensitive to bulk material and measures only the material directly 
adsorbed to the prism crystal surface.61  Multiple reflections in this method facilitate about 
tenfold absorption enhancement over traditional IR spectroscopy.62   
When infrared spectra are collected using oppositely-polarized light, the ratio of peak 
heights between the two polarized spectra can be expressed as a dichroic ratio.  A change in 
dichroic ratio is related to changes in orientation of that bond relative to a standard orientation.63-
65  One application of ATR-FTIR is comparison of order between different bilayer samples using 
dichroic ratios.63  This is possible because a change in acyl substituent orientation, such as 
methylene, is directly related to a change in lipid order.  As lipids become more disordered, the 
methylene bond is pushed further away from the bilayer plane.  As lipids become more ordered, 
the methylene bond moves closer to the plane of the bilayer.  These changes are reflected in the 
dichroic ratio.   
 
1.4.4  Differential Scanning Calorimetry 
Other analytical experiments can be performed when a lipid vesicle, rather than an SLB, 
is interrogated.  Differential scanning calorimetry (DSC) is a method to measure the thermal 
behavior of lipid bilayers.  This technique has been employed to study lipids, lipid raft 
mixtures,23, 66, 67 and protein-lipid mixtures.68  Changes in phase transition temperature, number 
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of transition events, or enthalpy of transition are related to bilayer composition.  The thermal 
behavior of a vesicle is particularly sensitive to perturbing species, which can result in a shifted 
Tm or a change in transition enthalpy.
69-72  This technique pairs well with the other methods 
previously described, as it can confirm the phase transition changes and perturbing material 
incorporation observed by other methods.  
 
1.5 Summary 
 This dissertation presents the results of several experiments, with a primary goal of 
elucidating interaction models of phospholipids and common membrane components using a 
SLB.  In Chapter 3, the independent and cooperative effects of sphingomyelin and cholesterol on 
a zwitterionic SLB are demonstrated upon introduction of alamethicin, a pore-forming peptide.  
Furthermore, a study of PCBs in a SLB, reported in Chapter 4, shows the structural and dynamic 
implications of complexation between lipids and intercalating species.  Chapter 5 describes the 
stabilizing effect of sphingomyelin on a mixed DSPC-DOTAP lipid system at high temperature.  
Interestingly, cholesterol does not support nanostructure in this system despite its known 
stabilizing effects on SLBs.  
 A distinctive characteristic of this dissertation is a juxtaposition of molecular- and bulk-
level data indicating intermolecular interactions in model membrane systems.  Whereas many 
reports highlight these data independently, this dissertation shows the correlations of diffusion, 
pore formation, thermal behavior, and macromolecular surface morphology.  This new 
information will impact both the understanding of model membrane systems and approaches to 
model membrane investigations.    
10 
 
 The final part of this dissertation comprises three appendices. Appendix A describes the 
repair of an AFM sample stage used in the experiments described in this dissertation.  Appendix 
B describes a study expanding the work described in Chapter 4 with PCB isomers.  In this 
appendix, AFM images show differences between an ortho and a planar PCB on a DMPC bilayer 
incorporating cholesterol.  Appendix C describes work towards a study of silver nanoparticles on 
both zwitterionic and mixed zwitterionic-anionic SLBs.   
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1.6 Figures 
 
Figure 1.1  Simplified illustration of the cell membrane, according to the fluid mosaic model. 
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Figure 1.2  The optical path for fluorescence correlation spectroscopy. 
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Figure 1.3  The optical path for attenuated total reflectance-infrared spectroscopy outside of the 
IR spectrometer. 
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Chapter 2.  Experimental Procedures 
 
2.1  Cleaning Procedure and Storage Methods 
 For all experiments, the following method was employed to clean all glassware and 
Teflon parts.  These pieces were submerged in a concentrated sulfuric acid (Fisher) solution of 
No-Chromix (Fisher) for 12-24 hours to remove organic contaminants.  All parts were rinsed 
thoroughly with de-ionized (DI) water and subsequently submerged into a 50% solution of nitric 
acid (Fisher) for 12-24 hours to remove inorganic contaminants.  After nitric acid cleaning, the 
parts were rinsed thoroughly with DI water and boiling ultrapure water (Milli-Q UV plus, 18.2 
MΩ, Millipore).  All glass and Teflon parts were stored together in a laboratory drawer.  A 
stainless steel ATR solution cell was simultaneously cleaned and stored in a 30% nitric acid 
solution. 
 Used AFM cantilevers were rinsed thoroughly with ethanol and dried under ultraviolet 
(UV) light for 15-30 minutes.  New AFM cantilevers were used without cleaning.  It was found 
in consultation with Agilent Technologies that in some cases, used MAC-mode cantilevers were 
contaminated with an uncharacterized film.  When new cantilevers were stored alongside used 
cantilevers, this film was transferred to new cantilevers.  For this reason, used AFM cantilevers 
were stored separate from new cantilevers in a dessicator.  Coincidentally, Agilent Technologies 
warranties cantilevers for the first use only, although they were extremely flexible in supplying 
replacements or trial prototype cantilevers throughout the work of this dissertation.  
 
21 
 
 
2.2  Preparation of Phosphate Buffers 
2.2.1  Phosphate Buffer for AFM, FCS, DSC, and ATR-FTIR 
 All lipid solutions were prepared in phosphate buffer to maintain pH during experiments.  
Phosphate buffers were prepared using Na2HPO4 and NaH2PO4·H2O (+99%, Fisher).  The 
appropriate amount of salts were added to a volumetric flask and dissolved in Milli-Q water to 
obtain solutions with buffering capacity of pH 6 (DMPC) or pH 7.2 (DSPC/DOTAP).  These pH 
ranges were determined experimentally to be optimal for imaging each lipid type respectively.  A 
10 mM concentration of phosphate buffer was consistently used. 
 
2.2.2  Phosphate Buffer for Potassium Efflux 
 For potassium efflux studies, two 10 mM phosphate buffer solutions were prepared to pH 
6 as described in section 2.2.1.  To the first solution, KCl (+ 99%, Fisher) was added to achieve a 
150 mM concentration.  This buffer was used to prepare lipid vesicles rich in K+.  To the second 
solution, NaCl (+ 99%, Fisher) was added to achieve a 150 mM K+ concentration.  This buffer 
was used to exchange K+ with Na+ by dialysis.   
 
2.3  Preparation of Small Unilamellar Vesicles 
 Small unilamellar vesicles (SUV) were prepared of each lipid for AFM, FCS, potassium 
efflux, and ATR-FTIR experiments.  Each lipid was dissolved from powder into chloroform 
(+99.9%, Fisher) and stored at -10°C until use.     
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2.3.1  Vesicles for AFM, Potassium Efflux, ATR-FTIR, and Turbidity Measurements  
  SUVs were prepared by adding the appropriate amount of lipid in chloroform solution 
into a 50-mL round bottom flask.  Chloroform was evaporated under Ar gas (research grade, S.J. 
Smith) for two hours resulting in a dry lipid film.  Phosphate buffer was added to the dry lipid 
film, which was then sonicated and vortexed to achieve a 1 mg/mL vesicle.  This solution was 
incubated in a water bath above the lipid phase transition temperature (80°C) for two hours.  The 
lipid solution was intermittently sonicated and vortexed to agitate the vesicles.  The vesicle 
solution was cycled between gel and fluid states by freezing with liquid nitrogen and thawed in 
an 80°C water bath five times to further agitate vesicle layers away from each other.  The 
solution was extruded through a 100 nm polycarbonate membrane (Whatman) to achieve 100 nm 
SUVs. 
 
2.3.2  Vesicles for Differential Scanning Calorimetry 
 Large unilamellar vesicles (LUV) were prepared of each lipid for DSC measurements.  
The appropriate mass of lipids in powder form were weighed and added to a scintillation vial.  
The lipids were suspended in a very small amount of phosphate buffer to achieve approximately 
20% w/w of lipid.  The film was dispersed in solution after rigorous shaking on a vortex and 
sonication.  A freeze-thaw procedure was conducted until the solution appeared to be 
homogeneous and milky-white.   
 
2.3.3  Vesicles Incorporating Polychlorinated Biphenyls 
 Vesicles were prepared with polychlorinated biphenyl (PCB) isomers by first dissolving 
PCBs in a CHCl3 stock solution.  The appropriate amount of PCB stock was added to a 50-mL 
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round bottom flask with lipid dissolved in CHCl3.  This solution was sonicated briefly, and 
SUVs were prepared according to the method in section 2.3.1. 
 
2.3.4  Vesicles for Fluorescence Correlation Spectroscopy 
Vesicles for use with FCS were prepared as a mixture of unlabeled and rhodamine-
labeled phospholipids.  The rhodamine-labeled lipids were prepared to 10 ppm concentration 
such that on average one sole fluorescent molecule resided within the area sampled.  The 
procedure for vesicle preparation was then followed according to section 2.3.1.  For control 
studies, vesicles without rhodamine-labeled lipids were prepared according to section 2.3.1. 
 
2.4  Preparation of Substrates 
2.4.1  Mica Substrate for AFM 
 A fresh piece of mica was cut to fit in the space allowed by a fluid cell on an Agilent 
MAC mode stage.  Using a pair of clean tweezers, the mica was cleaved to expose two clean and 
hydrophilic sheets of mica.  One sheet was placed with the clean side upright into the allotted 
space and supported lipid bilayers were immediately prepared.  
 
2.4.2  Quartz Substrate for FCS  
 A piece of quartz slide was cleaned in a boiling piranha solution (50% sulfuric acid, 50% 
hydrogen peroxide) for one hour.  The quartz slide was thoroughly rinsed with DI-water and 
dried in a clean oven.  The slide was introduced to the sample solution apparatus immediately 
upon removal from the oven. 
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2.4.3  Silicon and Germanium Substrates for ATR-FTIR 
  A silicon or germanium crystal (SPT, 50 mm (l) x 20 mm (w) x 2 mm(t), Harrick 
Scientific Corporation) was thoroughly cleaned in a boiling piranha solution (3:1 H2SO4:H2O2, 
Fisher) for at least one hour, then thoroughly rinsed (13 x) with water filtered with a Milli-Q UV 
plus (Millipore, 18.2 MΩ).  The wet crystal was quickly inserted into a homebuilt stainless steel 
ATR solution cell.   
 
2.5  Preparation of Supported Lipid Bilayers 
2.5.1  SLBs for AFM 
 A clean surface of muscovite mica was obtained as described in section 2.4.1 and 
immediately centered onto a 1× Peltier sample stage (Molecular Imaging).  A fluoroelastomer o-
ring (size 015, Nipon Valqua Armor Crystal B60) was centered on the mica, followed by a 
Teflon fluid cell (Molecular Imaging).  The Teflon fluid was secured to the stage by built-in 
springs and clips, resulting in a tight seal with mica.  Approximately 500 µL of 1 mg/mL vesicle 
solution (~100 nm SUVs) was added to the fluid cell.  For lipids with gel-to-liquid transition 
temperatures near or above ambient temperature, the entire stage apparatus was placed in an 
oven at 50°C for one hour to incubate the vesicle solution in liquid phase.  The stage was then 
removed from the oven and allowed to cool at ambient temperature for several minutes.  For 
lipids with low melting temperatures (in general, below 10°C), the sample stage was left on the 
benchtop at ambient temperature for 1-2 hours.  The fluid cell was rinsed thoroughly with 
approximately 30 mL of phosphate buffer to remove excess vesicles from the solution, which 
cause interference with AFM measurements.  The supported lipid bilayer formed by fusion of 
vesicles remained stable at the mica surface through the course of AFM experiments. 
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2.5.2  SLBs for FCS 
 A Teflon o-ring was immediately introduced to the clean quartz surface obtained as 
described in section 2.4.2.  A home-built Teflon fluid cell apparatus was assembled and secured 
by two screws.  Approximately 1 mL of 1 mg/mL vesicle solution (~100 nm SUVs) was added 
to the fluid cell.  The fluid cell apparatus remained on the benchtop at ambient temperature for 2 
hours.  The sample was then rinsed thoroughly with approximately 40 mL of phosphate buffer to 
remove excess vesicles from the solution, since any fluorescently-labeled lipids in solution 
would reduce the sensitivity of FCS measurements.   
 
2.6  Atomic Force Microscopy 
Atomic force micrographs were obtained using a PicoSPM 300 (Molecular Imaging, 
Tempe, AZ) with a Type D scanner controlled with a Nanoscope E controller (Digital 
Instruments, Houston, TX) in magnetic-acoustic (MAC) mode.  Type II MAC cantilevers were 
employed in all MAC mode experiments.  The natural resonance frequency of the cantilever was 
22 – 25 kHz in aqueous solution, and the spring constant was 2.8 N/m.  Images were collected 
with a scan rate of 2 Hz.  Temperature control was realized using a 1× Peltier sample stage and 
controlled with a model 311 temperature controller (Lake Shore Cryotronics, Cleveland, OH).  
The stage was cooled using a gravity-fed ice-water bath.  For heating and cooling, temperatures 
were ramped 0.3 °C per minute and were allowed to equilibrate 5 minutes before capturing 
images.  
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2.7  Fluorescence Correlation Spectroscopy 
 FCS measurements were obtained using a home built instrument as described 
previously.1  The optical path used in FCS experiments is illustrated in Figure 2.2.  Two-photon 
excitation at the diffraction-limited focus of a laser beam enabled measurements that were 
spatially resolved.  Near-infrared light from a femtosecond Ti:Sapphire laser (800 nm, 82 MHz, 
pulse width ~100 fsec) was focused onto the sample through a water immersion objective lens 
(Zeiss Axiovert 135 TV, x63, numerical aperture 1.2).  Fluorescence was excited only at the 
focus, giving an excitation spot whose diffraction-limited diameter was ~0.35 µm.  Fluorescence 
was collected through the same objective and detected by a single photon counting module 
(Hamamatsu, Middlesex, NJ).  Additional measurements of PCBs in unlabeled bilayers were 
made to observe diffusion of the PCB molecules being interrogated.  An average of 10–20 
experiments performed at different locations on the surface was used to deduce diffusion 
coefficients. 
 
2.8  Differential Scanning Calorimetry 
 DSC was performed on a Mettler-Toledo DSC 821e, calibrated by indium, octane and 
zinc standards.  The heating rate was maintained between 1 and 1.5 ˚C·min-1.   For each analysis, 
approximately 10-20 mg of sample were weighed (±0.02 mg) into an aluminum pan, which was 
then hermetically sealed.  DSC traces recorded heat flow during a heating and cooling cycle over 
the specified temperature range. 
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2.9  Potassium Leakage Measurements 
 Measurement of potassium ion leakage from small unilamellar vesicles was made by a 
modification of published methods.2-4  Ion selective measurements of potassium were collected 
with a Denver Instruments Model 225 pH meter equipped with a Denver Instruments potassium 
selective electrode.  The electrode was stored in a 1000 ppm KCl standard solution prior to all 
measurements.  The instrument was calibrated prior to each use with KCl standard solutions of 
1000, 100, and 10 ppm potassium.  Vesicle solutions of 15 mL were stirred magnetically in 
scintillation vials while the potassium concentration was sampled once every 30 seconds during 
each experiment.   
 For experiments performed above room temperature, a water bath was placed on the 
combination hot plate/stir plate.  The water was stirred magnetically, and water temperature was 
monitored with a thermocouple to ensure that experiments were performed consistently and at 
the correct temperature.  The calibration procedure was performed as described above, except 
that the calibration temperature was adjusted to the experimental temperature.  Each standard or 
sample was allowed to equilibrate to the experimental temperature for ten minutes while stirring 
before ion concentration measurements were collected.   
 
2.10  Attenuated Total Reflectance-Infrared Spectroscopy (ATR-FTIR) 
 ATR-FTIR spectra of supported lipid bilayers were collected from a beam with a BioRad 
FTS-6000 Fourier transform infrared spectrometer, as previously described.5, 6  The optical path 
used in the attenuated total reflectance method is shown in Figure 2.3.  Once the IR beam exits 
the spectrometer, it is directed at 90° twice towards the ATR crystal, held in a solution cell 
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oriented 45° to the beam.  The crystal is cut at 45° on each side, allowing the IR beam to reflect 
internally 25 times before exiting towards another mirror, which directs the beam 90° to a liquid 
nitrogen-cooled mercury-cadmium-telluride detector (Bio-Rad).  
 Once the solution cell was assembled with a clean silicon crystal, phosphate buffer 
solution was carefully pulled into the cell to prevent bubbles.  The solution cell was placed in a 
water-heated sample holder and equilibrated to 45°C.  Background spectra were then collected in 
both perpendicular and parallel polarized light. 
 The ATR solution cell was removed from the ATR assembly, and 2 mL of the lipid 
vesicle sample (1 mg/mL) was pulled into the solution cell.  The solution cell was placed in the 
heated sample holder of the ATR assembly.  The lipid was allowed to incubate on the crystal for 
at least one hour.  Then, IR spectra were collected in both perpendicular and parallel polarized 
light. 
 
2.11  Vesicle Turbidity Measurements 
The turbidity of vesicle solutions is measured to determine changes in vesicle size.  The 
visible absorbance vesicle solutions in phosphate buffer is measured at 350 nm with a UV-Vis 
spectrometer (Beckman-Coulter DU-520).  Vesicle solutions are heated to ca. 45°C before each 
measurement and during incubation with a peptide which can induce vesicle fusion.  Absorbance 
is measured before and 30 minutes after adding the peptide directly to the vesicle solution in a 
15:1 lipid-to-peptide ratio. 
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2.12  Figures 
Chemical name: 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
Abbreviation: DMPC 
Tm: 23°C 
 
Chemical name: 1,2-distearoyl-sn-glycero-3-phosphocholine 
Abbreviation: DSPC 
Tm: 54.5°C 
 
Chemical name: 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) 
Abbreviation: DOTAP 
Tm: -11.9°C 
7 
 
Chemical name: 1,2-dilauroyl-sn-glycero-3-phosphocholine 
Abbreviation: DLPC 
Tm: -2°C 
 
Figure 2.1 (continued on next page) 
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Chemical name: 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 
sulfonyl) (ammonium salt) 
Abbreviation: DMPE 
Tm: 49.5°C 
 
 
Chemical name: N-(octadecanoyl)-sphing-4-enine-1-phosphocholine (brain) 
Abbreviation: SM  
Tm: 44°C 
 
 
Figure 2.1  Lipids employed in all experiments.  Transition temperatures (Tm) are from the CRC 
Handbook of Lipid Bilayers, unless otherwise noted.8 
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Figure 2.2  Optical path used in fluorescence correlation spectroscopy.    
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Figure 2.3  Optical path used in ATR-FTIR spectroscopy. 
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Chapter 3.  Effect of Membrane Composition on Alamethicin 
Activity in a Model Membrane at High Temperature 
 
 
Reproduced with permission from Langmuir, submitted for publication. Unpublished work 
copyright 2010 American Chemical Society. 
 
3.1  Introduction 
 Membrane pore-forming species have been studied for decades because they are active 
antimicrobial and fungocidal agents.  This class of molecules, including pimaricin, etruscomycin, 
amphotericin B, nystatin, gramicidin, magainin, and alamethicin (Alm) has been studied 
extensively both in cells and in model systems.1-5  Pore-forming peptides are especially effective 
at producing valuable information about membrane insertion modes, orientation within the 
membrane, and mechanisms for pore formation without the complications of working with a 
larger protein.6  Alm, a 20-amino acid peptide derived from the fungus Trichoderma viride, is 
among the most widely-studied of the peptaibol class of pore-forming protein models, and 
studies of its activity have been reviewed extensively.4, 7-13  Its small, α-helical shape, determined 
by CD, neutron, and x-ray scattering,14 promotes excellent hydrophobic matching with the 
hydrocarbon region of a lipid bilayer.15  Further, it has been characterized in model bilayer 
systems using oriented circular dichroism,15, 16 differential scanning calorimetry,16 x-ray 
diffraction,15 neutron scattering17, sum-frequency generation,18 ATR-FTIR,18 and nuclear 
magnetic resonance (NMR) spectroscopy.16, 19, 20 
 There has been an evolution in our understanding of the mechanism of Alm pore 
formation in bilayers.14, 21-24 and references therein  Early research indicated that high concentrations 
(15:1 lipid:peptide) of Alm did not lead to disrupted acyl chains in the bilayer, suggesting that 
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the Alm-bilayer interaction was weak.20  However, this view was questioned in a 1991 review 
which asserted that Alm does incorporate into bilayers even in the absence of a trans-bilayer 
potential.7  This review suggests that Alm exhibits an orientation with its helical axis 
perpendicular to the bilayer surface below the lipid phase transition which shifts increasingly 
parallel to the bilayer surface as the temperature increases and the lipid becomes fluid.7  
Currently, the “barrel-stave” model is the most widely-accepted pore model for Alm,13, 25 
although a model based on two-dimensional aggregation of Alm has also been proposed.23, 26  
Alm interacts with a bilayer in a two-state mechanism,27 where monomers lie flat on the bilayer 
surface (S state) up to a critical lipid-to-peptide ratio.  When a bilayer composition-dependent 
Alm concentration is reached,  the energy of surface adsorption switches from a negative to a 
positive binding energy, and peptides reorient perpendicular to the bilayer surface in an inserted 
(I) state.27, 28  The barrel-stave pore of 3-12 helical I-state Alm monomers forms, allowing the 
hydrophobic portion of monomers to interact with the hydrocarbon region of the bilayer and 
exposing the hydrophilic segment to the aqueous pore.13, 25  The pores are ca. 18-26 Å in 
diameter, dependent on bilayer composition and hydration, as calculated from neutron scattering 
measurements.17 
 Work has been done to elucidate effects that membrane additives, such as Chol and SM, 
have on Alm pore formation in the presence or absence of a membrane potential.7-9, 29-32 and 
references therein.  Some reports indicate that Chol can inhibit Alm insertion.7, 22  However, Chol is 
known to induce negative spontaneous curvature in bilayers,33 a feature which is thought to 
promote Alm insertion.34-36  The mechanism of Alm pore formation, particularly under 
conditions without a membrane potential, does not yet fully account for the presence of Chol or 
SM.7, 18, 20, 30, 31, 37, 38  One report describes enhanced leakage of 5(6)-carboxyfluorescein from 
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vesicles containing Chol.31 However, in that study, vesicles were found to aggregate, fuse, and 
form nodes upon Alm addition, suggesting that leakage resulted from membrane incontinuities 
rather than Alm-formed barrel-stave pores.31  We sought to compare the effects of SM and Chol 
on Alm-induced pore formation in bilayers to more completely elucidate the way in which Alm 
interacts with these components and the bilayer itself.     
AFM has been employed to study SLB models of biomembranes.39  This technique is 
used to visualize the morphology of SLBs with changes in temperature or in the presence of 
additives, including proteins and peptides.39-41  We have previously contributed work on the 
interactions of C60 nanoparticles
42 and polychlorinated biphenyls43 with SLBs at several 
temperatures using magnetic-acoustic (MAC) mode AFM. 
One useful way to study pore formation is to measure material released from vesicles 
upon addition of a pore-forming species.  This technique is frequently performed by measuring 
the change in extravesicular concentration of fluorescently-labeled species with a fluorimeter3, 30, 
31, 44 or ions with a selective electrode.2, 45, 46  A significant benefit of this technique is real-time 
observation of vesicle leakage as the pore-forming species is added.  
  We incorporate SM, Chol, or both in mixture with DMPC.  AFM is used to visualize the 
surface features of supported lipid bilayers with these compositions.  ATR-FTIR is employed to 
measure changes in lipid chain order upon addition of Alm.  Potassium ion leakage from vesicles 
is measured well above the phase transition temperature to quantify differences in Alm-induced 
ion leakage between different vesicle formulations.  Alm-induced turbidity changes are measured 
to account for different mechanisms of vesicle leakage. 
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3.2  Results 
3.2.1 AFM Measurements 
In order to provide insight into the influence of bilayer constituents on Alm activity, we 
obtained a series of AFM images of supported bilayers containing Alm and the bilayer 
constituents considered here.  Figure 3.1 shows a series of AFM images of supported bilayers 
composed of DMPC and other components, as noted obtained at different temperatures.  Alm 
was incorporated in a lipid-to-peptide ratio of 15:1.  Bilayer formation was confirmed in each 
sample by measuring the depth of a spontaneously-formed defect hole or AFM tip-excavated 
hole in the surface.   
 Figure 3.1A shows an image of a bilayer containing only DMPC and Alm obtained at 
15°C, where DMPC is in gel phase. Here, a highly-defected supported bilayer displays 4 nm 
deep holes and smaller 1-1.2 nm deep holes.  The images reported here are similar to those 
reported for Alm incorporation into a SLB made from gel phase DPPC, where a reduced bilayer 
height around 1.5 nm was attributed to peptide-induced bilayer thinning.47  Figure 3.1B shows an 
AFM image of the same DMPC/Alm sample obtained at 45°C.  This image reveals a secondary 
phase 1.6 nm higher than the bulk bilayer.  A disperse tertiary phase lies about 4 nm higher than 
the lowest phase, with each domain about 50-100 nm in diameter.  As the DMPC is expected to 
be completely in fluid phase at this temperature, the additional structure must be associated with 
Alm.  Bilayer thickening has been attributed to complete Alm insertion in a previous report.15    
In contrast, Figure 3.1C shows that in the absence of Alm incorporation, images of DMPC 
obtained at 45°C are featureless,  as expected for a supported bilayer at temperatures well above 
the gel to fluid phase transition (23°C).48  
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 Previous work shows that the Alm-bilayer interaction is dependent on several factors, 
including temperature, lipid-to-peptide ratio, and the type of lipid utilized.49  Circular dichroism 
studies showed that the α helix formed near the N-terminal of Alm incorporated into a fluid 
bilayer is oriented perpendicular to the membrane surface, while the corresponding part of Alm 
in a gel phase bilayer is oriented parallel to the membrane surface.50  As discussed previously, 
Alm monomers are expected to be located on the membrane surface at high lipid-to-peptide 
ratios (S state), while Alm oligomers prefer to insert in the hydrocarbon region at low lipid-to-
peptide ratios (I state).27  Alm is quite stable to denaturation and has been studied at temperatures 
as high as 75°C.5, 51 
 Figure 3.1D shows a bilayer prepared of 60 mol% SM and 40 mol% DMPC with Alm 
incorporated.  In contrast to the additional material found on the surface of the DMPC bilayer 
absent SM, the images here show large phase segregated domains.  These segregated domains 
are 4 nm high and are distributed across ca. 20% of the surface.  Figure 3.1E is an AFM image 
showing that segregated domains remain present well above the phase transition temperatures for 
both DMPC and SM.  Previous work suggests that DMPC/SM bilayers are well above the gel-
fluid phase transition temperature of both species at 45°C.52, 53 The small holes present within the 
raised domains in Figure 3.1D are filled in, and the surface coverage of this phase decreases to 
7%.   Figure 3.1F shows an AFM image of DMPC and SM absent Alm, obtained at 45°C.  In 
contrast to the analogous image in Figure 3.1E, the bilayer here has no raised domains, 
suggesting that Alm must contribute some stabilizing effect to the domains in Figure 3.1E, which 
are present well into the fluid phase of DMPC and SM.   
 Figure 3.1G shows a bilayer prepared of 66 mol% DMPC and 33 mol% Chol at 15°C.  
There are phase segregated domains in this bilayer similar to those in Figures 3.1D and 
39 
 
distinguishing it from the DMPC-Alm sample in Figure 3.1A.  These domains are slightly taller 
than the domains in Figure 3.1D (DMPC/SM/Alm), at approximately 4.5 nm, but cover 
substantially less of the surface (5% vs. 20%).  When the temperature of the bilayer is raised to 
45°C in Figure 3.1H, the surface coverage of phase segregated domains decreases from 5 to 2%.  
Figure 3.1I shows a bilayer of DMPC and Chol, absent Alm.  This image confirms that, like the 
bilayer composed of DMPC and SM, the higher segregated domain results most likely from the 
presence of Alm.   
 Figure 3.1J shows a bilayer prepared from 40 mol% DMPC, 30 mol% SM, and 30 mol% 
Chol at 15°C.  Similar to Figures 3.1D and 3.1G, and distinct from Figure 3.1A, there are phase 
segregated domains in addition to the bilayer.  The AFM image in Figure 3.1J also shows small 
holes or cracks which gradually fill in at higher temperatures.  Figure 3.1K shows an AFM image 
of the same bilayer after increasing the temperature to 45°C.  Here, phase segregated domains 
are still present, and the surface coverage of these domains decreases from 11% to 9%.  This 
reduction is similar to that seen for the DMPC/Chol bilayer and much smaller than the reduction 
observed for the DMPC/SM bilayer. 
At both temperatures, the domains are similar in height to the DMPC/Chol segregated 
domains.  Once again, an AFM image of the Alm-free DMPC/SM/Chol bilayer, shown in Figure 
3.1L, shows that no raised domains exist, strongly suggesting that the domains in Fig. 3.1J are 
associated with the presence of Alm.  We note the presence of defect holes in Fig. 3.1L, created 
by incomplete lipid coverage, which are gradually filled in as the liquid-ordered bilayer diffuses 
on the mica substrate. 
 AFM showed that phase-segregated domains generated by a DOPC/SM/Chol lipid 
bilayer at 25°C are reduced in the presence of Bax-α5, a helical segment of a pore-forming 
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protein.54  The authors suggest that the peptide preferentially associates with the bilayer at the 
domain boundaries, which have a greater degree of packing irregularities, facilitating binding 
and subsequently reducing the line tension responsible for phase separation.  However, absent 
the pore forming protein, mixed liquid ordered/liquid disordered structures are imaged, different 
from the situation found at 45°C in the measurements reported here, where either only a liquid 
ordered phase or a fluid phase is found.  In our measurements, Alm induces phase separation, 
rather than decreasing it.  
 
3.2.2 Infrared Spectroscopy Measurements 
 To further understand the interaction of Alm with an SLB, we performed ATR-FTIR 
measurements on bilayers supported on Si.  The IR spectra shown in Figure 3.2 reveal symmetric 
and asymmetric methylene peaks in the energy region between 2840 and 2930 cm-1 as expected 
for a well-formed bilayer.55  Table 3.1 lists dichroic ratios D1 and D2 for symmetric methylene 
peaks without, and in the presence of Alm, respectively.  Results from the asymmetric methylene 
peaks were nearly identical.  These ratios are calculated from p- and s-polarized spectra by using 
the equation D = Ap/As, where Ap is the absorbance intensity for a spectrum obtained with light 
polarized perpendicular to the Si surface, and As is the absorbance intensity for a spectrum of the 
same sample with the light polarized parallel to the surface.  
 The dichroic ratio calculated for DMPC absent additives on Si is in excellent agreement 
with that previously reported for DMPC on Si or Ge.56-59    The addition of SM does not 
significantly alter the dichroic ratio from that obtained from a neat DMPC bilayer, and the 
addition of Chol increases D slightly, again in agreement with previous results.57  Interestingly, 
the DMPC/SM/Chol mixture exhibits a decreased dichroic ratio compared to a neat DMPC 
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bilayer.  Changes in the dichroic ratio are associated with changes in acyl chain order; as the C—
H bond is less aligned with the bilayer normal, the dichroic ratio increases.57   
Table 3.1 shows that addition of Alm to a bilayer of any composition results in an 
increased dichroic ratio.  For DMPC with no additional bilayer components, Alm increases the 
dichroic ratio by 25%.  Alm increases the dichroic ratio of a DMPC/SM bilayer by 44%, which 
is close to the 45% increase in dichroic ratio measured for a DMPC/Chol bilayer.  Finally, a 
DMPC/SM/Chol bilayer experiences a 25% increase in dichroic ratio upon addition of Alm.  An 
increased dichroic ratio for symmetric methylene stretches is related to a decrease in lipid order, 
as discussed previously.57, 60  
 Decreased order in the lipid bilayer following Alm incorporation is an expected result.  
ATR-FTIR obtained for Alm in a DPPC bilayer (80:1 DPPC:Alm) suggested that Alm is present 
within the bilayer rather than on the bilayer surface.61  This conclusion is drawn from 
polarization changes in the Alm amide peaks observed in the presence of DPPC in either dry 
films or deuterated H2O.    Among the results of many experiments indicating different 
arrangements of bilayer-associated Alm, 15N solid-state NMR measurements of Alm in DMPC 
bilayers show that the molecular axis of α–helical Alm is oriented closely (from 10 to 24°) with 
the bilayer normal at temperatures above the gel to liquid phase transition.37, 62   
 
3.2.3 Potassium Leakage Measurements 
 We measured the K+ leakage from bilayer vesicles containing the additional components 
SM and Chol either singly or in combination following Alm introduction at 45°C.  This 
temperature was selected to ensure that no vesicle components are in gel phase. The phase 
transition temperature of DMPC alone is 23°C, DMPC and Chol are expected to form a ‘liquid 
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ordered phase’ at the temperatures used here, and the phase transition temperature of SM is near 
35°C.53  Leakage in DMPC vesicles is very sensitive to temperature; the maximum leakage is 
observed near the phase transition, and leakage decreases with an increase in temperature.63  The 
high temperature environment studied here gives additional information about vesicle leakage 
which is not associated with the phase transition of bilayer components.   
An example of measured K+ release is shown in the inset to Figure 3.3 for a solution of 
vesicles prepared with DMPC and Chol.  The inflection point labeled “A” marks the increase in 
K+ leakage resulting from introduction of Alm to the solution.  The inflection point labeled “B” 
marks the increase in K+ leakage resulting from introduction of Triton X-100, a detergent which 
digests vesicle membranes.  The K+ level following inflection point “B” is considered 100% 
release of potassium ions. 
The K+ leakage data reported in Figure 3.3 illustrates substantial differences in the K+ 
leakage from bilayers containing different constituents.  Table 3.2 lists the average percentages 
of maximum leakage from vesicles in the compositions studied.  First, Figure 3.3 shows that in 
presence of Alm, the leakage of K+ increases substantially for a short time then remains mostly 
constant for the duration of the experiment.  The gradual increase in leakage over time, most 
apparent in the leakage curve for DMPC/SM/Chol, exhibits the same slope as found before Alm 
addition and is likely associated with defects in the as prepared vesicles.    The amount of K+ 
release measured for neat DMPC plus Alm (6.7%) is somewhat larger than the leakage obtained 
without Alm and suggests that pore formation enabling K+ release is minimal.  When Chol is 
introduced to DMPC vesicles, K+ leakage increases substantially, as indicated by a significant 
increase in % K+ released (to 49.2%).  However, the addition Alm to vesicles containing DMPC 
and SM, rather than Chol, does not result in as significant of an increase in K+ release (24.7%).   
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AFM images in Figure 3.1 reveal changes in the size and coverage of higher domains 
associated with Alm as the temperature is increased from 15 to 45°C.  Table 3.2 lists the K+ 
leakage from DMPC and DMPC/SM vesicles at 25°C to compare with the corresponding 
leakages measured at 45°C.  It is evident that as the temperature increases, K+ leakage decreases 
for DMPC and DMPC/SM vesicles.  AFM images of DMPC and DMPC/SM SLBs at 25°C (not 
shown) reveal very similar domain distributions to those shown at 15°C (Fig. 3.1A and 3.1D).  
The largest increase in K+ leakage is observed when Alm is added to vesicles containing 
both SM and Chol in addition to DMPC (55.2%).  This amount of K+ leakage is not significantly 
different than that measured in vesicles comprising DMPC and Chol alone, and suggests that 
Chol plays a more central role in K+ leakage than SM.   
 
3.2.4 Turbidity Measurements  
Turbidity measurements were undertaken to discern whether vesicle fusion following 
Alm incubation occurs.  Table 3.3 reports changes in turbidity in each vesicle composition 
induced by Alm.  Our data shows that there is a substantial change in solution turbidity following 
Alm introduction to Chol-associated vesicles.  Alternatively, little change is observed following 
introduction of Alm to vesicles containing either neat DMPC or DMPC with SM.  Previous work 
showed a correlation between increased solution turbidity following Alm introduction to Chol-
containing vesicles and vesicle fusion, shape change, and rupture.31  Our results agree with these.  
However, the small change in turbidity following Alm introduction to SM-containing vesicles 
suggests that the equivalent structural changes have not occurred in this case.  
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3.3  Discussion 
3.3.1 Neat DMPC 
In the present work, we show that different bilayer constituents lead to different K+ 
leakages and different AFM images. Compared to DMPC/SM and DMPC/Chol vesicles, DMPC 
vesicles yield the smallest percentage of Alm-induced potassium ion leakage, as shown in Fig. 
3.2 and Table 3.2.    The AFM image in Fig. 3.1B shows substantial material on the surface of 
the DMPC bilayer.  The partition coefficient for Alm in phosphocholines is ca. 103 M-1,11 which 
suggests that nearly all the Alm in solution is interacting with the DMPC.  However, the evident 
presence of material on the surface of the DMPC SLB along with the relatively low leakage 
observed suggests that even at the 15:1  lipid-to-peptide ratio used here, relatively little Alm is 
forming a pore structure  (I state) that would permit K+ leakage.  We do note that K+ leakage 
decreases by ~ 18% as the temperature increases from 25 to 45°C.  It is likely that  leakage 
decreases with increasing temperature because I state Alm shifts increasing parallel to the bilayer 
surface as the temperature increases, possibly deforming transmembrane pores.7   Comparison to 
the measurements of K+ leakage from DMPC/SM vesicles at 25°C and 45°C confirms that neat 
DMPC has the lowest % K+ leakage at both temperatures studied.  The increase in D observed in 
the ATR-FTIR upon Alm introduction -- associated with disordering of the DMPC bilayer -- 
supports the suggestion that Alm contributes to the changes observed in potassium ion leakage 
and AFM studies.   It is significant that the smallest change in dichroic ratio caused by Alm 
addition is measured for a neat DMPC bilayer.   
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3.3.2 DMPC with SM Alone 
In the presence of SM, K+ leakage is found to increase relative to neat DMPC.  Since 
there is little change in solution turbidity for vesicles containing SM following Alm introduction, 
we suggest that vesicles of a size similar to those produced absent Alm incorporation are formed.  
AFM images of a SLB show a substantially cleaner surface relative to that found in DMPC 
alone.  We suggest therefore that SM helps to promote formation of I state Alm necessary for K+ 
channel construction.  The increase in dichroic ratio with SM supports an increase in disorder in 
the methylene region which is indicative of I state Alm.   
Brain SM is implicated in facilitating bilayer insertion of a GPI-anchored protein.64  
Packing defects generated by SM have been proposed to explain optimized apolipophorin III 
binding in 40:60 mol% DMPC/SM vesicles compared to neat DMPC vesicles.65  It is very 
possible that our DMPC/SM bilayer has similar packing defects which could promote I state Alm 
in the bilayer.  We note the presence of stable islands and other features in AFM images which 
could facilitate pore formation.   
We found that temperature influences K+ leakage from DMPC/SM vesicles.  At 25°C, the 
K+ leakage is 50.0%, whereas at 45°C it is only 24.7%, as shown in Table 3.2.  At 25°C, the 
bilayer is in a mixed gel-fluid state (DMPC Tm = 23°C, SM Tm ~ 35°C).  AFM images of a 
DMPC/SM SLB at 15°C (Fig. 3.1D) and 25°C (not shown) reveal more surface features 
compared to the same bilayer at 45°C.  These additional features may be associated with defects 
in the bilayer, particularly near the domain boundaries, which likely promote Alm to insert in I 
state.  As the temperature is increased, the bilayer transitions to a more fluid state.  We observe a 
decrease in the coverage of Alm-associated features from Fig. 3.1D to Fig. 3.1E resulting from 
this phase transition.  We expect that as the bilayer transitions to a more fluid state, fewer defects 
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are available at the bilayer surface.  Molecular dynamics calculations also show that the higher-
melting egg SM can order at physiological temperature because of intramolecular hydrogen 
bonding and gel-fluid phase mixture.66  As Alm likely has a greater affinity for defects, a 
decrease in defects should result in fewer I state Alm oligomers.   
 
 
3.3.3  DMPC with Chol or SM/Chol 
We now discuss the increase of K+ leakage measured for vesicles incorporating Chol.  
Figure 3.2 shows that the % K+ leakage is much higher for DMPC/Chol and DMPC/SM/Chol 
vesicles compared to both DMPC and DMPC/SM vesicles.  However, this observed increase in 
leakage does not likely result from increased I state Alm incorporation.  To further investigate 
Alm activity, we measured the change in turbidity due to Alm incorporation on all four vesicle 
compositions studied.  Table 3.3 lists vesicle turbidity measurements in the absence and the 
presence of Alm.  We observe a substantial increase in turbidity upon Alm addition for both 
Chol-inclusive vesicles.  A similar observation was reported for Chol-inclusive DOPC and 
POPC vesicles upon Alm incorporation.31  Alm interacts with DMPC/Chol and DMPC/SM/Chol 
vesicles to generate larger vesicles, resulting in increased turbidity.  We suspect that these larger 
vesicles result from a mechanism similar to that proposed by Wessman, where Chol-inclusive 
vesicles fuse and rupture due to Alm stabilization at the rupture sites. 31     
We now address the decrease of Alm-associated domains shown in Figure 3.1 for Chol-
inclusive SLBs.  The 2% coverage of Alm-associated domains in AFM images of a DMPC/Chol 
SLB at 45 °C (Fig. 3.1H) is considerably lower than that found for  the DMPC/SM bilayer (7%, 
Fig. 3.1E) and the  DMPC/SM/Chol SLB (9%, Fig. 3.1K).  It is possible that Chol incorporates 
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more Alm compared to the Chol-free DMPC/SM bilayer.  However, we note that a 
DMPC/SM/Chol bilayer reveals a similar domain surface coverage to that of the DMPC/SM 
SLB.   
For Chol-inclusive SLBs, we propose that surface defects induced by Chol are likely 
responsible for enhanced Alm incorporation.  Chol moves away from the hydrophobic bilayer 
core and towards the bilayer head groups with a temperature increase from 30 to 45°C, as 
inferred by 2H NMR measurements obtained in 25 mol% Chol in DPPC-d52.
67  With Chol 
located closer to the hydrophilic head groups, sufficient disruption in the bilayer surface may 
facilitate Alm incorporation.  This headgroup disruption may account for the decrease in Alm-
associated domain coverage observed with AFM as the temperature is raised from 15 to 45°C.   
 
3.3.4 Model of Alm Insertion in SLBs 
Figure 3.4 is a cartoon illustrating Alm interaction with an SLB in the presence of SM 
and Chol.  In neat DMPC, Alm is observed to primarily associate with the phosphocholine 
headgroup region of the SLB in the S state.  Undoubtedly, some Alm is incorporated in the 
DMPC membrane, as the leakage results suggest.  A DMPC bilayer is ca. 43 Å thick68 and Alm 
is ca. 32 Å long.69  When SM is incorporated into a DMPC SLB, defects result from the ca. 3 Å 
height difference between SM and DMPC.  This facilitates Alm I state incorporation.  Similarly, 
when Chol is added to a DMPC SLB, defects result from Chol positioning near lipid headgroups, 
facilitate Alm to insert in the I state.   We note that confirmation of this increased I state 
incorporation with Chol is not available from K+ leakage measurements, due the vesicle fusion 
and consequent increased turbidity observed.   
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3.4  Conclusions 
This work provides insight to the effect of bilayer constituents on the activity of Alm in 
model membranes above physiological temperature.  We found that at 45°C, the addition of Chol 
or SM to DMPC vesicles promotes increased levels of K+ leakage, each due to a different 
mechanism, relative to DMPC alone.  In the latter, SM likely increases the amount of S state 
Alm associated with the bilayer.  In the former, Chol  promotes fusion into larger vesicles which 
rupture at nodes when stabilized by Alm.31  Therefore, Alm-induced leakage from Chol-inclusive 
vesicles is likely promoted by a mechanism other than barrel-stave pore formation. 
Dichroic ratios, calculated from ATR-FTIR spectra, increase with addition of Alm in all 
samples, suggesting that Alm disrupts lipid chain order.  This disordering is most apparent in 
samples incorporating either Chol or SM, suggesting that those additives facilitate Alm insertion 
in the bilayer.   
AFM images reveal segregated domains at 45 °C, well above the phase transition for all 
components.  These domains are likely associated with the presence of S state Alm.  AFM 
images of DMPC/Chol and DMPC/SM/Chol SLBs reveal that these phase-segregated domains 
are present in smaller quantity than in DMPC/SM bilayers, suggesting that more Alm is inserted 
into the Chol-inclusive DMPC bilayers than the DMPC/SM bilayer.  In SLBs, Chol improves 
Alm incorporation because, at the temperature and concentration studied, it is located near the 
hydrophilic headgroup rather than the hydrophobic bilayer core, increasing disruption.30, 31, 67   
Although DMPC/SM SLBs appear similar to Chol-inclusive SLBs, there are clear 
differences in their Alm activity.  Unlike in Chol-inclusive SLBs, turbidity measurements show 
that Alm/DMPC/SM vesicles do not fuse into larger vesicles, which implies that leakage results 
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from Alm barrel-stave pores.  SM generates disruption among DMPC headgroups to attract Alm, 
an effect previously demonstrated for other proteins.65      
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3.5  Figures 
 
Figure 3.1  AFM images of supported lipid bilayers comprising various combinations of DMPC, 
SM, Chol, and Alm.   
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Figure 3.2  ATR-FTIR spectra for all samples studied in the region 2800-3000 cm-1. Reported 
dichroic ratios were calculated from the symmetric methylene stretches near 2850 cm-1 using 
both perpendicular (P, black line) and parallel (S, red line) polarized light. 
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Figure 3.3  Plots of % K+ leakage from vesicles with various compositions upon addition of Alm.  
(Inset) Typical plot of [K+] versus time, shown for vesicles of DMPC/Chol, showing increases 
due to addition of (A) Alm and (B) Triton-X 100 detergent.
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Figure 3.4  Illustration of Alm-SLB interactions without and with either SM or Chol 
incorporated in the bilayer at 45°C. 
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3.6  Tables 
Table 3.1  Dichroic ratios calculated from p- and s-polarized spectra in ATR-FTIR for samples 
without and with Alm obtained at 45°C. Also calculated is the percent change in the dichroic 
ratio for each bilayer with addition of Alm. 
 
Lipid Composition D1 (without Alm) D2 (with Alm) Change 
DMPC 1.22 1.52 + 25 % 
DMPC-SM 1.21 1.74 + 44 % 
DMPC-Chol 1.27 1.84 + 45 % 
DMPC-SM-Chol 1.07 1.34 + 25 % 
 
Table 3.2  Maximum % K+ released from vesicles by Alm. 
 
Bilayer Composition DMPC DMPC/Chol DMPC/SM DMPC/SM/Chol 
% K
+
 released (45°C) 6.7 ± 1.8 49.2 ± 3.4 24.7 ± 1.5 55.2 ± 4.4 
% K
+
 released (25°C) 24.8 ± 4.6 N/A 50.0 ± 3.7 N/A 
 
Table 3.3  Turbidity measurements 
 
Lipid Without Alm (Abs) With Alm (Abs) Change 
DMPC 0.056 0.050 - 10.7 % 
DMPC/SM 0.203 0.209 + 2.96 % 
DMPC/Chol 0.124 0.554 + 347 % 
DMPC/SM/Chol 0.338 0.929 + 175 % 
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Chapter 4.  A Model of the Interaction Between Polychlorinated 
Biphenyls and Supported Lipid Bilayers. 
 
Reproduced with permission from Campbell et al. Environmental Science & Technology, 2008, 
42, 7496-7501. Copyright 2008 American Chemical Society. 
Fluorescence correlation spectroscopy work was performed by Yan Yu.  The co-authorship of 
Yan Yu, Steve Granick, and Andrew Gewirth is acknowledged. 
 
4.1 Introduction  
There is much interest in environmental contamination from persistent organic pollutants 
(POPs) due to their pervasiveness in the environment.  Studies on the prevalence1, 2 and 
remediation3-8 of molecules such as polybrominated biphenyls (PBBs) and PCBs provide 
evidence concerning the scope of the POP problem.  Several studies on PBBs9 and PCBs4, 10-16 
document their environmental persistence and propagation in fish and river sediments.    
 Different PCB isomers exhibit differing degrees of toxicity.12  Coplanar PCB congeners 
act on an aryl hydrocarbon (Ah) receptor, resulting in immune system suppression.  However, 
PCB congeners substituted in positions ortho to the biphenyl bond are not coplanar and are too 
bulky to interact with the Ah receptor.  Nonetheless, these ortho substituted congeners induce 
rapid cell death.  The origin of this toxicity is the ability of the ortho PCB isomers to cause 
disruption of the cell membrane.17   Cyclosporin A, an agent which inhibits channel opening in 
the mitochondria, prevents cell death upon ortho PCB exposure.  Coplanar PCBs do not cause 
lipid disruption.   
The origin of this different behavior has been examined by studies on cells and 
liposomes.  Differences between ortho and planar PCBs have been examined by comparing the 
ortho substituted PCB 52 (2,2’,5,5’-tetrachlorobiphenyl) with the planar PCB 77 (3,3’,4,4’-
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tetrachlorobiphenyl).  These studies show that cell death occurs rapidly following PCB 52 
exposure but not upon exposure to PCB 77,12, 17 and it has been conjectured that PCB 52 alters 
the cell membrane structure.11  However, a detailed physical picture of the interaction between 
different PCB isomers and bilayer membranes is not yet available, in part because the 
preponderance of work on these issues employs a mixture of PCB isomers18 or utilizes cells with 
potentially complicated lipid, protein and steroid interactions.19, 20  Studies on single component 
lipid structures can clarify the interaction of proteins and small molecules with the lipid bilayer 
structure.21-29  
SLBs present an approach to probe the interactions of molecules with lipid bilayer 
membranes of controlled structure and composition.30-32    Insight into topics as diverse as 
nanopore formation in a lipid bilayer following exposure to antimicrobial peptides,33  and 
proteins and cholesterol addition,21, 34-36 has been obtained.  In this paper we examine the 
interaction of PCBs 52 and 77, illustrated in Figure 4.1, with supported lipid bilayers.  FCS with 
single-molecule sensitivity is used to measure the diffusion of phosphocholine lipids in a 
supported bilayer with and without PCBs.  In addition, DSC of vesicles interrogates the 
magnitude of membrane insertion for PCB-incorporated phosphocholine bilayers.  Magnetic-
acoustic mode AFM is employed to visualize the phase transition of supported phospholipid 
bilayers with each PCB congener incorporated into the membrane.  Taken together, these studies 
motivate a tentative model for the mechanism of PCB-lipid association. 
 
4.2  Results 
In all experiments, the PCB concentration was 7.2 µM unless otherwise noted.  This 
concentration was selected based on PCB concentration in similar studies.11, 17  In interpreting 
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the findings, we were sensitive to the possibility that differences in the behavior of the two PCB 
isomers might relate to different extents of partitioning with the lipid.  To test this possibility, a 
sample of PCB 52 in DMPC was injected into a dialysis cassette and dialyzed twice with 200 mL 
of pH 6 PBS for two hours and 5 hours, respectively and both buffers and a chloroform extract of 
the dialysis membrane were analyzed by UV-Vis.  A standard curve of PCB 52 demonstrated 
that the concentration of PCB 52 in each of the extracts was within baseline noise, and the same 
result was found for a sample of PCB 77 in DMPC vesicles under identical conditions; these 
control experiments indicate that virtually all PCB molecules became incorporated into the lipid 
vesicles.  Additional partition coefficient measurements show that the KP of both PCB 52 and 
PCB 77 is on the order of 105.   Thus, differences between PCB 52 and PCB 77 do not appear to 
stem from differences in their partitioning to the bilayers. 
 
4.2.1  Fluorescence Correlation Spectroscopy.   
 An autocorrelation curve, shown in Figure 4.2, was obtained from FCS measurements of 
a supported DLPC bilayer containing 0.001 % rhodamine-DMPE without PCB, with PCB 52, 
and with PCB 77.  DLPC and DMPE were used in place of DMPC because of their lower 
average melting temperature, which allowed us to observe fluid phase diffusion in the bilayer.  
The autocorrelation curves were fit to Eq. 4.137, 38 by using a non-linear least-squares method.   
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Eq. 4.1 relates the autocorrelation function G(τ) at time interval τ to the width of the focus 
volume (w), the concentration of fluorescent molecules (c), the diffusion coefficient(s) (D1 and 
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D2), the fraction of diffusing component 1 in total diffusing components (f1), and the baseline 
(B). In fitting the autocorrelation curves, w is set based on a calibration -- here, 0.35 µm, which is 
the diffraction-limited diameter of the focused laser beam.  
In all measurements with PCB-containing samples, the best fit of the autocorrelation data 
to Eq. 4.1 yielded two diffusion coefficients, indicating the presence of two distinct diffusing 
species.  Values of the diffusion coefficients are listed in Table 4.1 and have an uncertainty of 
about 20% owing to the difficulty of two-component fitting.  In Table 4.1, D1 is the first 
diffusion coefficient for samples prepared with rhodamine-labeled lipid, while D1
’ is the first 
diffusion coefficient for samples prepared absent rhodamine-labeled lipid.  D2 is the second 
diffusion coefficient in all samples.  
 Table 4.1 shows that the first diffusion coefficient obtained from the rhodamine-labeled 
lipid samples (D1) is the typical diffusion coefficient for supported DLPC bilayer in fluid phase
39 
and essentially independent of the presence or absence of PCB.  This suggests that morphology 
of the bilayer remains intact after PCB adsorbs.   
FCS measurements of the adsorbed PCB itself were enabled by the fact that both PCBs 
exhibit weak fluorescence upon two-photon excitation at 800 nm.  The maximum of absorbance 
for both PCBs is at 264 nm with weak tails around 400 nm where the two-photon excitation 
occurs.20  Fits to the resulting autocorrelation curves (not shown) gave two diffusion coefficients.  
For the ortho isomer the faster component is similar in magnitude to the fast component 
measured for dye-labeled lipid, but for the coplanar isomer the faster component is a factor of 
two even faster, suggesting even weaker association with the bilayer (to which we return in the 
model proposed below).  However, for both PCBs the slower diffusion coefficients (D2) coincide 
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within experimental uncertainty with the slower component measured for dye-labeled lipid in the 
presence of these same PCBs.  
 
4.2.2  Differential Scanning Calorimetry.   
 Figure 4.3 shows the results of differential scanning calorimetry obtained from DMPC 
vesicles without PCB added (A), DMPC vesicles with PCB 77 added (B), and DMPC vesicles 
with PCB 52 added (C).  A negligible shift in phase transition temperature from 22.8 °C to 22.6 
°C is seen when PCB 77 is added to the vesicles.  A more significant reduction in transition 
temperature is observed when the same amount of PCB 52 is added to the vesicles, from 22.8 °C 
to 18.4 °C.    
 Enthalpies of transition for each thermogram can be calculated by using Eq. 4.2. 
KAH =∆                       (Eq. 4.2)  
Here K is the calorimetric constant of the instrument and A is the area of the transition peak.  The 
thermogram of PCB 77 in DMPC vesicles shows a small increase in ∆Hfus from 1.29 ± 0.06 to 
1.81 ± 0.09 J·g-1.  However, PCB 52 in DMPC vesicles shows peak broadening and an increase 
in ∆Hfus from 1.29 ± 0.06 to 3.55 ± 0.18  J·g
-1
.  Peak broadening in DSC often reflects presence 
of an impurity.40  The fact that broadening is not observed with PCB 77 could signify that it does 
not associate as strongly with the lipid bilayer.   
 Changes in ∆H and Tm in response to the presence of other PCB mixtures in other 
phospholipid liposomes have been correlated to polarity and charge distribution in the lipid 
headgroups, although those studies do not address the influence of the different PCB isomers 
studied here.18  Our data shows that identical lipids exhibit differences in transition behavior 
when different PCB isomers at the same concentration are introduced. 
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4.2.3  Atomic Force Microscopy.    
 The consequences of PCB insertion in the lipid bilayer can also be visualized using AFM, 
building on a prior study of the phase transition of DMPC41.  Figure 4.4 shows the gel to fluid 
phase transition of a supported DMPC bilayer incubated with PCB 77.    Below the melting 
temperature, cracks associated with the initial stages of the phase transition are observed, and 
these continue growing in breadth until the entire image range is one phase height at 28 °C.  
Higher temperatures brought no change in image appearance.  During this sequence, defect holes 
generated during the transition from the fluid phase to the denser gel phase became filled by the 
mobile liquid-phase lipids.  The defect features highlighted in the dashed boxes in Figure 4.4 
most clearly illustrate the completion from gel to fluid phase. The morphology of the cracks is 
consistent with that observed during the first phase transition of a PCB-free DMPC bilayer41.  
However, unlike the PCB-free case, only one phase transition is observed.  We previously saw 
that incubating the DMPC bilayer with gramicidin, a leaflet bridging protein, also results in 
removal of the second phase transition, associated with the different environments seen by the 
top and bottom bilayer leaflets.41    
Figure 4.5 shows the gel to fluid phase transition from a supported DMPC bilayer 
incubated with PCB 52.  Several differences relative to the PCB 77 case are observed.    At 13 
°C, the initial stages of the phase transition are already seen, as expected from the DSC results.  
The bilayer height is on average 5.2 nm.  As the temperature increases, cracks increase in size 
and major defects are filled in by fluid phase lipid.  This continues to about 22 – 23 °C, where 
cracking ceases and only one phase along with small defects is seen.     
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As the temperature is raised to 32 °C, a second phase transition is observed and the 
consequences of this transition persist until temperatures as high as 47 °C are reached.   At this 
point, the entire image scan area is filled with one uniform liquid-phase lipid.       
The presence of a second phase transition is also seen in PCB-free bilayers.  However, 
the phase transition in the presence of PCB 52 occurs over a much larger temperature range (13-
45 °C) relative to the PCB-free case (22-31 °C)41.    
 
4.3  Discussion 
The results presented above show changes in the diffusion coefficient, enthalpy of 
transition, and bilayer morphology during gel-to-fluid phase transition behavior, all differ 
according to whether the bilayer was exposed to an ortho or coplanar isomer of PCB.  The FCS 
experiments, showing that the complex with the ortho isomer diffuses a factor of two more 
slowly than that with the coplanar isomer, suggest a tighter interaction in the former case.  It is 
also notable that the uncomplexed PCB, quantified by D1’ values in Table 4.1, is also lower for 
the ortho (PCB 52) sample and that D1’ for the coplanar (PCB 77) sample is faster than that of 
the lipid itself.  These findings signify either that the PCB-lipid interaction is stronger in the case 
of the ortho PCB, or that the environment, in the case of the coplanar isomer, provides less 
impediment to diffusion.  These observations are consistent with the calorimetry experiments, 
showing that the enthalpy of melting is increased for bilayers containing ortho PCB 52 but not 
coplanar PCB 77.  Peak broadening, observed in the thermogram of the former only, also 
suggests greater disruption of the lipid bilayer by this PCB isomer. 
Turning to the AFM measurements of bilayer morphology, we note that while both 
bilayers have similar morphology at low temperature and that the average height of both bilayers 
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is about 4.5 nm, the bilayer incorporating the ortho isomer has a start and end temperature about 
4°C lower for the first phase transition, compared with the first transition of a PCB-free bilayer.  
Another particularly interesting feature of bilayers containing the ortho isomer is the extended 
presence of an intermediate phase domain referred to as “patches” (Figure 4.5E, for example).  In 
Figure 4.4E, this lower liquid phase domain covers 34% of the surface area, whereas the higher 
gel phase domain covers 66% of the area.    This domain is present from as low as 31°C and 
grows until 47°C, at which point a uniform, liquid phase morphology is observed.  Bilayers 
containing the same concentration of the coplanar isomer (Figure 4.4) or without added PCB 
complete this transition at lower temperatures.  Also, when making comparisons at the same 
temperature, the size of defects in this type of bilayer are larger.  Taken together, these 
observations show that presence of the ortho PCB isomer stabilizes the gel phase to higher 
temperatures.   
Seeking interpretation of these differences on the molecular level, we first consider the 
dipole moment of these two PCB isomers.  The dipole moment of the ortho isomer is zero, by 
symmetry, but that of the coplanar isomer (PCB 77) is calculated to be substantial, 3.07 D 
(calculation performed using Spartan version 1.0.2 (Wavefunction, Inc., 2006)).  This difference 
may influence preferential location of each PCB isomer in the bilayer.  A more polarizable 
molecule may associate preferentially with the polar phospholipid headgroup, whereas the 
isomer with zero dipole moment may associate preferentially with the hydrophobic tails. 
We note further that the ortho isomer (PCB 52) is bulkier, as one observes when 
considering torsional angles of the two PCBs investigated here.  For the coplanar isomer, whose 
chlorine atoms are located farther from the biphenyl, the torsional angle is 37.7°, but for the 
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ortho isomer it is 81.3°.42  The thinner coplanar isomer (PCB 77) might insert more easily into 
the bilayer.  
Based on these considerations, Figure 4.6 depicts tentative proposed interactions of each 
PCB with the bilayers:  the ortho PCB interacts preferentially with the lipid interior and the 
coplanar isomer interacts preferentially with the polar headgroups.  Cholesterol exerts a similar 
diffusion-inhibiting effect when inserted into bilayers.43  The model implies that the ortho isomer 
may tend to orient parallel to bilayers and the coplanar isomer perpendicular to them, but data of 
this kind is not available at the present time.   This model is consistent with all of the main 
differences in physical behavior summarized in this study.   In particular, as in this model the 
coplanar isomer does not insert into bilayers, it does not specifically disrupt their structure, does 
not lead to retarded diffusion of complexes with lipids, and does not significantly perturb the 
melting point.  The degree to which the stronger influence of the ortho (PCB 52) isomer might 
reflect stronger binding, or might simply involve disruption of local packing owing to the 
irregular shape, is not clear at the present time.  Toxicology studies by others on these PCB 
isomers show that they are toxic for different reasons.  While PCB 77 acts on the Ah receptor, 
PCB 52 toxicity arises from membrane disruption, which is consistent with the model in Fig. 4.6.   
 
4.4  Conclusion 
 In this chapter, we present a model for PCB interaction with lipid bilayers based on 
several pieces of experimental evidence.  FCS measurements indicate that there are two modes 
of interaction between PCBs and SLBs: PCBs can diffuse through a bilayer, and PCBs can 
associate with individual lipids to diffuse as a complex.  DSC shows that, compared to PCB-free 
vesicles, lipid vesicles incorporating an ortho PCB isomer exhibit a much greater thermal change 
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than a planar PCB.  This change includes both broadening and reduction in enthalpy of the phase 
transition peak.  These effects suggest that the ortho PCB inserts deeper into the lipid bilayer 
than a planar PCB.  AFM images illustrate the distinct difference between SLB phase transition 
with different PCBs incorporated.  While an SLB with ortho PCB incorporated displays the same 
two-part phase transition as a PCB-free bilayer upon temperature change, an SLB with planar 
PCB exhibits only one characteristic transition.   
 The likely explanation for these phenomena is summarized in the model proposed herein, 
where planar PCBs do not insert deeply into the bilayer, interrupting the ordered water layer 
which gives rise to a two-part phase transition in SLBs.  Ortho PCBs insert more deeply into the 
bilayer, as indicated by DSC thermograms.  This explanation could also be supported by a 
difference in polarity between planar and ortho PCBs.  
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4.5  Figures 
 
 
Figure 4.1  Molecular structures of PCB 52 and PCB 77.  Reproduced with permission from 
Campbell et al. Environmental Science & Technology, 2008, 42, 7496-7501. Copyright 2008 
American Chemical Society. 
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Figure 4.2  Normalized FCS (fluorescence autocorrelation spectroscopy) curves concerning lipid 
diffusion in supported lipid bilayers of pure DLPC (squares), with added PCB 52 (circles), and 
with added PCB 77 (triangles).  Quantification of the autocorrelation curves yields the diffusion 
coefficients summarized in Table 4.1.  Reproduced with permission from Campbell et al. 
Environmental Science & Technology, 2008, 42, 7496-7501. Copyright 2008 American 
Chemical Society. 
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Figure 4.3  Differential scanning calorimetry (DSC) thermograms of (A) DMPC (dotted line), 
(B) PCB 77 in DMPC (22% w/w, dashed line), and (C) PCB 52 in DMPC (23% w/w, solid line).  
The enthalpies of fusion, ∆Hfus, are 1.29, 1.81, and 3.55 J·g
-1 for these three cases, respectively.  
Reproduced with permission from Campbell et al. Environmental Science & Technology, 2008, 
42, 7496-7501. Copyright 2008 American Chemical Society. 
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Figure 4.4  Atomic force microscopy (AFM) measurements of bilayer morphology for PCB 77 in 
supported DMPC bilayers at (A) 15°C, (B) 18°C, (C) 21°C, (D) 23°C, (E) 25°C, and (F) 28°C.  
Note the defect filling in the dashed boxes during the transition.  Inset in Figure 4.4A shows 
cross-section of boxed defects with an average depth of 3.5 nm.44  Reproduced with permission 
from Campbell et al. Environmental Science & Technology, 2008, 42, 7496-7501. Copyright 
2008 American Chemical Society. 
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Figure 4.5  Atomic force microscopy (AFM) measurements of bilayer morphology for PCB 52 in 
supported DMPC bilayers at (A) 14°C, (B) 18°C, (C) 20°C, (D) 22°C, (E) 32°C, and (F) 47°C.  
Note the defect filling and patch growth in the solid boxes during the transition.  Inset in Figure 
4.5A shows cross-section of boxed defects with an average depth of 3.0 nm.44  Reproduced with 
permission from Campbell et al. Environmental Science & Technology, 2008, 42, 7496-7501. 
Copyright 2008 American Chemical Society. 
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Figure 4.6  Proposed model of PCB-lipid bilayer interactions examined in this study.  
Reproduced with permission from Campbell et al. Environmental Science & Technology, 2008, 
42, 7496-7501. Copyright 2008 American Chemical Society. 
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4.6  Table 
Table 4.1  Diffusion coefficients inferred from FCS measurements on supported lipid bilayers of 
DLPC.  D1 is the first diffusion coefficient for samples prepared with rhodamine-labeled 3lipid, 
while D1’ is the first diffusion coefficient for samples prepared absent rhodamine-labeled lipid.  
D2 remains the second diffusion coefficient in all samples.  Reproduced with permission from 
Campbell et al. Environmental Science & Technology, 2008, 42, 7496-7501. Copyright 2008 
American Chemical Society. 
 
 
Sample Description D1 / µm
2 s-1 D1’ / µm
2 s-1 D2 / µm
2 s-1 
Labeled DLPC 3.0 ± 0.3   
PCB 52 in labeled DLPC 2.8 ± 1.6  0.12 ± 0.07 
PCB 52 in unlabeled DLPC  3.2 ± 1.2 0.07 ± 0.03 
PCB 77 in labeled DLPC 3.4 ± 1.3  0.42 ± 0.17 
PCB 77 in unlabeled DLPC  8.6 ± 3.5 0.32 ± 0.24 
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Chapter 5.  High-temperature Structure Retention in a Mixed 
Lipid Bilayer in the Presence of SM 
 
5.1  Introduction 
 Substantial discussion attends the concept of lipid- or membrane rafts.  These entities are 
small (10-200 nm), heterogeneous sterol- and sphinglipid-rich domains which are thought to 
provide a platform for membrane-associated proteins.1  Study of raft behavior comprises both 
biological and artificial systems.  Current understanding asserts that rafts are associated with 
regions exhibiting higher cholesterol (Chol) and sphingomyelin (SM) concentrations segregated 
from a matrix rich in phospholipids.1, 2  Rafts are formed when Chol associates with SM, 
ordering the hydrophobic tails and increasing the bilayer thickness, which results in hydrophobic 
mismatch between this thicker domain and the surrounding phospholipid membrane.3 
 In vivo, raft formation is inferred on the basis of fluorescence resonance energy transfer 
measurements of GPI-anchored receptors indicating short-lived stable clusters near 10 nm in 
size,4 as well as fluorescence correlation spectroscopy measurements of sub-120 nm domains in 
live cells.5  Studies on artificial bilayers also utilize spectroscopic and other analytical tools to 
examine localization behavior.  Raft-like features have been reported using fluorescence 
microscopy,6-11 confocal microscopy,12, 13 x-ray diffraction,8, 14 nuclear magnetic resonance 
spectroscopy,9 and AFM.7, 15-20   At room temperature, localizations from 200 nm up to 10 µm 
are reported.21-24  Smaller features (40-100 nm) of Chol- and SM-rich artificial mixtures are 
rarely achieved absent proteins such as the ganglioside GM1.25   
 One issue related to localization behavior in artificial membranes is its temperature 
dependence.  Many studies show that phase segregation in Chol/SM/lipid mixtures is 
substantially reduced as temperatures approach 37°C.9, 26  One exception is the appearance at 
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temperatures up to 46°C of gel phase micron-scale features when SM is introduced to a 
ceramide/lipid/Chol mixture.8  As membrane rafts are believed to comprise a mixture of Chol 
and SM,2, 27, 28  the interaction between Chol and SM has been well-studied.  Chol interacts with 
sphingolipids and phospholipids to form the liquid-ordered phase.28, 29  This interaction 
originates from hydrogen bonding between the hydroxyl group on Chol and the carbonyl 
oxygens on the lipid,29 as well as hydrophobic (van der Waals) forces which order lipids and 
prevent trans-gauche isomerization in the lipid tails.30  The liquid-ordered phase is frequently 
characterized by bilayer thickening and gradual elimination of a lipid’s native phase transition.28  
In the absence of Chol, SM can form separate micron-scale domains from lower-melting 
phospholipids due to gel/liquid-disordered phase segregation at room temperature.16      
However, a minimal set of conditions for raft formation either in vivo or in vitro is not well 
understood.2   
 AFM is a direct method to interrogate the surface of a supported lipid bilayer (SLB).24  
SLBs are model bilayers typically formed by vesicle fusion and supported on mica or other flat 
surfaces.  AFM can directly examine phase transitions and feature localization at the sub-50 nm 
level as a function of solution conditions, temperature, and other environmental variables.   
Model membranes are effective for investigating the morphological effects of molecular 
interactions that occur between membrane components.31   
  We are interested in differentiating the influence of SM and Chol in high temperature 
ordered structures.  Previous work in our laboratory used a zwitterionic/cationic phospholipid 
mixture of 60 mol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 40 mol% 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) (Fig. 5.1) to generate a bilayer displaying 
order on the ca. 80 nm length scale.32  This order was determined to arise from the interplay of 
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electrostatic repulsion and attractive line tension (van der Waals) forces in the mixed bilayer.  
However, this structure was not stable above room temperature.   
 In this chapter, we use the hexagonal structure generated from DSPC/DOTAP mixtures 
as a test substrate to examine the effect of added Chol and SM at temperatures above the phase 
transition for all species.  AFM, differential scanning calorimetry (DSC), and attenuated total 
reflectance-infrared spectroscopy (ATR-FTIR) are used to show SM-dependent ordering of a 
supported lipid bilayer at normal physiological temperatures (ca. 35-40°C).  Interestingly, Chol 
does not induce this same effect.   
   
5.2  Results and Discussion 
5.2.1  AFM Measurements 
Figure 5.2 shows 2 µm x 2 µm AFM images of the 60 mol% DSPC / 40 mol% DOTAP 
bilayer, with no SM or Chol added, at different temperatures.  At low temperature, the image 
reveals the nearly hexagonal mixed bilayer structure reported previously.32  In the image in Fig. 
5.2A, the period of the repeat is ca. 150 nm.  The hexagonal structure derives from the interplay 
of electrostatic repulsion from the charged DOTAP and the attractive line tension.  We 
previously showed that the hexagon periodicity could be controlled by adjusting the 
DSPC/DOTAP molar ratio with the smallest spacings found in a 60/40 ratio.   
As the temperature of the bilayer is raised above the initial 15°C to 30°C (Fig. 5.2B), two 
effects are seen.  First, images reveal that the hexagon-hexagon period decreases from ca. 150 
nm to 62 nm.  The origin of this effect likely derives from the decrease in line tension known to 
occur with increasing temperatures.38  As the line tension decreases, the size of domains must 
decrease to maintain balance with electrostatic repulsive forces.  Second, the image reveals the 
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appearance of a smooth, featureless layer 1.4 ± 0.2 nm above the hexagonal phase.  We 
suggested previously that the featureless upper layer resulted from phase separation deriving 
from asymmetric DSPC-DOTAP (lower) and symmetric DSPC (higher) domains.32  The 1.4 nm 
height is too small for this feature to be associated with an additional bilayer. 
 At temperatures above 32°C (Fig 5.2C), the hexagonal structure disappears and a two 
level system remains. The featureless two-level system is maintained at 40°C as shown in Fig. 
5.2D. The disappearance of the hexagonal phase suggests that a phase transition has occurred in 
the DSPC (Tm = 56°C), a result supported by DSC measurements (vide infra).  The small defects 
in the higher phase most likely arise from enclosure as the higher phase grows in size. These 
defects disappeared following longer term interrogation at these temperatures. 
 In order to examine the role of Chol and SM in maintaining structure in the SLB at higher 
temperature, we repeated the measurements reported on in Fig. 5.2 with addition of these 
constituents.  Figure 5.3 shows a series of 2 µm x 2 µm bilayer images collected at several 
temperatures for 25 and 40 mol% Chol in the 60 mol% DSPC / 40 mol% DOTAP bilayer.   
 Fig. 5.3A, obtained from a bilayer incorporating 25 mol% Chol in DSPC/DOTAP, shows 
a featureless layer at 15°C.  Most interestingly the images do not show the hexagonal pattern 
seen absent Chol incorporation.  This suggests that either the periodicity is below that detectable 
by the AFM (ca. 30 nm) or that this periodicity has been removed by the Chol-phospholipid 
interaction.  Using the AFM in high force mode to excavate material at 15°C (not shown) reveals 
that the sample is indeed a bilayer with a depth of 6.5 ± 1.0 nm, consistent with reported 
DSPC/DOTAP bilayer depths.32  When the sample is heated from 15°C to 40°C, no additional 
structural features emerge.  This observation is consistent with a Chol-induced liquid-ordered 
phase present throughout the temperature range examined here.28 
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 We increased the concentration of Chol to 40 mol% in DSPC/DOTAP to further observe 
its influence on the mixture.  At 15°C (Fig. 5.3E), a rough but otherwise featureless layer is 
present.  The depth of these random depressions is less than 0.6 nm.  After increasing the 
temperature to 30°C (Fig. 5.3F), strips of the same rough layer are present within an otherwise 
smooth and featureless surface.  Raising the temperature to 35°C (Fig. 5.3G) and again to 40°C 
(Fig. 5.3H) does not eliminate a consistent yet minimally rough surface.  The roughness may 
indicate observation of a ripple phase, as this is known to appear before the main lipid 
transition.39  However, the ripple phase is most often observed in a double lipid bilayer and not 
in a single lipid bilayer.39  A hole dug at 40°C (not shown) with a depth of 5.3 ± 0.6 nm indicates 
that a single lipid bilayer was present.  Excess sample material adhered to the tip may be 
implicated to explain the randomness of this roughness.  
 The influence of Chol on the DSPC/DOTAP lipid mixture can be directly compared to 
that of SM at similar concentration ranges.  In Figure 5.4A-D, 10 mol% SM is added to the 
DSPC/DOTAP mixture.  At 15°C (Fig. 5.4A), distinct phase separation is observed with a nearly 
featureless upper layer and a hexagonal lower layer.  The hexagonal crystalline network seen in 
the SM/Chol-free DSPC/DOTAP bilayer is observed with an average 100 nm spacing.  This is 
consistent with the hexagonal crystalline bilayer we previously reported 32 and is slightly smaller 
than that observed in Figure 5.2A.  Another domain is seen 1.3 ± 0.1 nm above the hexagonal 
crystalline domains.  There are small holes 50 nm in diameter dispersed throughout the higher 
layer.  These holes are 1.0 ± 0.1 nm deep, essentially propagated through the entire region to the 
lower hexagonal crystalline phase. When the temperature is raised to 30°C (Fig. 5.4B), the 
DSPC/DOTAP hexagonal structure appears to be eliminated.  Holes in the higher, smooth layer 
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remain, although some are as large as 80 nm in diameter.  The holes and their enveloping smooth 
domains remain similar in depth and height, respectively, which has increased to 1.7 ± 0.2 nm.  
  As the surface temperature is raised to 35°C (Fig. 5.4C), the bilayer changes 
significantly.  The image shows one smooth layer with a network of cracks propagated through 
the layer.  The darkest holes expose the mica support 2.8 ± 0.3 nm below the smooth layer.  The 
cracks are less than 0.5 nm deep and follow a very angular course through the smooth layer.  
These domains surrounded by angular cracks are similar to the disparate sizes and shapes of 
domains reported previously in a 30 mol% DOTAP / 70 mol% DSPC bilayer absent SM and 
Chol.32  Much of the order seen at 35°C is eliminated when the temperature is increased to 40°C 
(Fig. 5.4D).  The deepest defects are 3.7 ± 1.3 nm deep, and the region previously covered by the 
slightly-ordered cracking network in Figure 4C is now a rough phase with depressions of less 
than 0.4 nm deep.   
 The incorporation of 40 mol% SM in DSPC/DOTAP produces further changes in the 
bilayer morphology.  At 15°C (Fig. 5.4E), the surface has one layer with a network of cracks less 
than 0.4 nm deep.  The network of cracks appears similar to that seen in Fig. 5.4C, only smaller 
and with more surface coverage. When the temperature of the surface is raised from 15°C to 
30°C (Fig. 5.4F), the density of the crack network increases.  At this temperature, the surface 
appears to be completely dominated by a hexagonal crystalline layer with 70 nm spacing.  At 
35°C (Fig. 5.4G), the size and shape of these domains remains the same, but the coverage 
decreases.  The coverage of these domains is further reduced at 40°C (Fig. 5.4H) as DSPC 
proceeds through a phase transition.   
 The most interesting feature found in the images above is the presence of well-defined 
order at normal physiological temperatures. Absent SM, bilayer images exhibit no short range 
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order above 30°C.  Ordered structures in vesicles or supported bilayers imaged by AFM or 
fluorescence microscopy are typically reported at or below ambient temperature.24, 40-43  One 
group reports lateral organization on the 10 µm length scale in fluorescence microscopy of both 
giant unilamellar vesicles (GUV) and lipid monolayers at around 30°C 44, 45.  Another showed 
fluorescence microscopy images of GUVs exhibiting phase separation behavior also on the 10 
µm length scale at temperatures  as high as 40°C.46    To our knowledge, there are no prior 
reports demonstrating structure retention on length scales smaller than this using any technique.  
Previously-seen hexagonal crystalline domains of DSPC and DOTAP on the 80 nm length scale 
were only observed up to 25°C.32  Our results show that Chol eliminates the hexagonal structure 
of the DSPC/DOTAP bilayer at any temperature, whereas SM appears to maintain order in the 
DSPC/DOTAP hexagonal structure at temperatures up to about 40°C.   
The multi-layered behavior observed for SM-containing bilayers was further studied by 
generating holes in the surface to the mica substrate by increased force of the AFM cantilever.  
Figure 5.5 shows three 4 µm x 4 µm AFM images of the 60 mol% DSPC / 40 mol% DOTAP 
bilayer, with (Fig. 5.5A) no SM, (Fig. 5.5B) 10 mol% SM, and (Fig. 5.5C) 40 mol% SM.  The 
corresponding cross-sectional analysis of each image reveals that lipid material arranges into 
multilayers rather than single bilayers.  This is surprising, as previous studies, reported with the 
same preparation conditions, concluded that only single bilayers are formed.32 The increased 
association of bilayers is likely a result of electrostatic interactions between zwitterionic DSPC 
and cationic DOTAP, where headgroups are preferentially associated in bilayers rather than 
reforming vesicles in solution when the surface is washed.  This observation of multiple bilayers 
suggests that material in SM-containing samples is not swept away but melts into a lower 
bilayer, as seen in Figures 5.4G and 5.4H. 
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5.2.2  DSC Measurements 
 In order to examine the thermal behavior of the mixtures studied with AFM, we 
performed DSC measurements on lipid vesicles, as shown in Figure 5.6.  Thermograms were 
collected for DSPC/DOTAP vesicles with SM (Fig. 5.6) and Chol (not shown).  As expected 
from previous reports, the thermograms of samples incorporating Chol were featureless, 
consistent with the formation of the lipid ordered phase in the presence of Chol.47 
 In Figure 5.6, samples of 60 mol% DSPC / 40 mol% DOTAP are shown with 0 mol%, 10 
mol%, and 40 mol% SM incorporated in vesicles.  With 0 mol% SM, two peaks are observed at 
35 and 43 °C, although neither matches the Tm literature values of DOTAP (-11.9°C) or DSPC 
(56°C).48, 49  A mixed bilayer of DSPC and DMPC has been reported to display a similar 
behavior, where the Tm of a higher-melting lipid is depressed, and the Tm of a lower-melting lipid 
is raised.50  In fact, that study reports that for a 60/40 mixture of DSPC/DMPC, the phase 
transition for DSPC is reported to be 43°C.  Therefore, we propose that the peak at 43°C is 
representative of the DSPC phase transition.  The very low Tm of DOTAP implies that the small 
peak at 35°C represents a different transition than the gel to liquid-crystalline transition for 
DOTAP.   
To identify the peak at 35°C, a thermogram from vesicles containing 60 mol% DSPC / 40 
mol% DOTAP and 5 mol% gramicidin A (gA) was collected.  gA, a transmembrane protein, is 
expected to tie the two leaflets of the bilayer together.35  Figure 5.6 shows that incorporation of 
gA eliminates the lower temperature transition.  This observation suggests that the lower 
temperature phase transition originates from a decoupled two-leaflet phase transition, where the 
first peak arises from melting of a leaflet with more DOTAP associated with DSPC, while the 
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second indicates the melting of a DSPC-rich leaflet.  The images in Fig. 5.2 obtained from the 60 
mol% DSPC / 40 mol% DOTAP mixture absent SM or Chol are consistent with this two leaflet 
behavior. 
 When 10 mol% SM is incorporated into the 60 mol% DSPC / 40 mol% DOTAP mixture, 
the first transition at 35°C is significantly broadened.  As the concentration of SM is raised to 40 
mol%, this peak is completely eliminated.  In both cases, the second transition is lowered to 
41°C.  The main phase transition of a SM bilayer has been reported to decrease by 3.3°C when 
increasing Chol concentration from 0-20 mol%.51  We previously reported a similar observation 
from DSC thermograms using polychlorinated biphenyl isomers with a single phospholipid.47, 52  
This result suggests that SM is strongly associated with the phospholipid mixture.  The 
elimination of the lower temperature peak suggests that the bilayer leaflets are more strongly 
coupled and could be interdigitated.53  
 
5.2.3  ATR-FTIR Measurements 
Dichroic ratios of methylene peaks are calculated from infrared spectra collected at 40°C 
with an attenuated total reflectance method and are listed in Table 5.1.  These ratios are 
calculated from p- and s-polarized spectra by using the equation D = Ap/As, where Ap is the 
absorbance intensity for a spectrum obtained with light polarized perpendicular to the Si surface, 
and As is the absorbance intensity for a spectrum of the same sample with the light polarized 
parallel to the surface.   
The effect of all additives to neat DSPC/DOTAP is to lower the dichroic ratios, both 
asymmetric (D2920) and symmetric (D2850).  A change between dichroic ratios is related to a 
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change in order; for methylene peaks.  This change is specifically related to increased acyl chain 
order; as the C—H bond is more aligned with the bilayer normal, the dichroic ratio decreases.54  
The largest decreases in dichroic ratios from neat DSPC/DOTAP is observed in the 
presence of SM compared with the presence of Chol.  For a bilayer incorporating 10 mol% SM, 
a 17.3% decrease in dichroic ratio is observed for the asymmetric methylene peak, while a much 
larger 31.3% decrease in dichroic ratio is observed for the corresponding symmetric methylene 
peak.  When the SM concentration is raised to 40 mol%, the dichroic ratios for asymmetric and 
symmetric methylene peaks are reduced by 15.4 and 19.2%, respectively.   
Addition of Chol to DSPC/DOTAP SLBs also causes a reduction in both the asymmetric 
and symmetric dichroic ratios.  With 25 mol% Chol added to DSPC/DOTAP SLBs, the 
reductions in asymmetric and symmetric dichroic ratios from those of a neat SLB are very 
similar (6.73 and 6.06%, respectively).  The DSPC/DOTAP SLBs with 40 mol% Chol reveal a 
4.81% reduction in dichroic ratio for the asymmetric peak and a 10.1% reduction in dichroic 
ratio for the symmetric peak. 
Several observations are made from changes in dichroic ratios measured here.  First, 
these results suggest that small amounts of SM significantly order lipid chains, while increasing 
the SM concentration in a bilayer does not induce as much order.  Next, it is significant that the 
reductions in Chol-incorporated DSPC/DOTAP SLBs are lower than those measured for SM- 
incorporated DSPC/DOTAP SLBs.  There is little difference in ordering changes induced by 
Chol for either concentration studied.   
We now consider the origin of the different behaviors found for SM and Chol.  SM is 
present in 60 mol% DSPC / 40 mol% DOTAP mixture.  SM and DSPC are structurally similar, 
as shown in Figure 5.1.  It is possible that SM increases the effective concentration of DSPC as 
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experienced by DOTAP.  To determine if SM mimics DSPC in the bilayer, we prepared a sample 
of 60 mol% SM with 40 mol% DOTAP.  Figure 5.7 shows 2 µm x 2 µm AFM images of these 
samples at several temperatures.  At 15°C there are two distinct phases.  A smooth phase sits 1.4 
± 0.1 nm above a lower, smooth phase.  There are no indications of the hexagonal structure 
which is observed in 60 mol% DSPC / 40 mol% DOTAP.  The height difference between the 
two phases is close to that seen in Figures 1B-D and 3A-B.  This phase is likely a symmetric SM 
domain next to an asymmetric SM/DOTAP domain, as has been reported for DSPC and 
DOTAP.32  As the sample temperature increases from 15°C to 30°C, the higher phase is 
eliminated and only one featureless phase with minor (less than 0.4 nm) roughness remains.  
This phase is present through 40°C.  The results from Figure 5.7 suggest that SM does not 
perfectly mimic DSPC in its interactions with DOTAP.   
SM is structurally similar to DSPC, as they both share a phosphocholine headgroup and 
an 18-carbon tail.  However, SM is known to form strong hydrogen bonds with other lipids via 
OH and NH moieties present in the molecule and not present in DOTAP or DSPC.55  The 
observation of shortened, broadened transition peaks on the low temperature side of the phase 
transition with SM incorporation is indicative of normal vesicle disruption due to insertion of a 
different species.56  Mixtures of DMPC and SM were previously used to show that SM 
exchanges with phosphocholine lipids and stabilizes these mixtures.57 
We thus suggest that the stabilizing behavior found with SM is due to H-bonding 
between this component and the other lipids in the mixture.  This interaction has been discussed 
in a review, but minimal experimental evidence of H-bonding between SM and 
phosphatidylcholine molecules is available.58  Molecular Dynamics models of very similar 
systems to that described here have been previously calculated.59, 60  SM has been shown to form 
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up to four or seven hydrogen bonds as both donor and acceptor.59  Additionally, calculations 
show that 73.4% of SM molecules will form at least one interlipid hydrogen bond,59  For SM, it 
was also shown that most intermolecular hydrogen bonds are donated by the amide moiety; the 
hydroxyl moiety primarily engages in intramolecular hydrogen bonding with the phosphate 
esteric oxygen.59  The DSC measurements show that 40 mol% SM is more strongly affected than 
the 10 mol% SM mixture.  The small hexagonal crystalline features at high temperatures were 
only observed with 40 mol% SM incorporated in the mixed phospholipid phase.  The H-bonding 
stabilizes the DSPC, and allows it to maintain the line tension which gives rise to the hexagonal 
structures seen.   
Chol forms a liquid order phase due to incorporation of Chol in the hydrophobic region 
of the bilayer.61, 62  The Chol incorporated into this part of the bilayer causes the phospholipid 
tails to organize and prevents the trans-gauche transition associated with the phase transition 
behavior.55  Images and thermograms from Chol-containing bilayers are nearly featureless in the 
temperature region examined here.  While the Chol-bilayer interactions are very different 
relative to SM as described above, it is worth noting that Chol has one possible site for hydrogen 
bonding and calculations suggest that only 37% of Chol molecules will form a hydrogen bond 
with a proximal lipid.60  As inferred from 2H NMR measurements, Chol moves from the 
hydrophobic core towards the headgroup region of a bilayer when the temperature is raised from 
30 to 45°C.63  The interactions between DSPC and DOTAP, which are thought to promote 
formation of hexagonal crystalline domains, occur in the headgroup region.  A higher 
concentration of Chol near the headgroup region likely prevents these structures from forming. 
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5.3  Conclusions 
 The results reported here show that SM can stabilize structures formed in a lipid bilayer 
at high temperatures.  SM does not incorporate into the bilayer in the same way found for Chol, 
due to the very different molecular structure of the two components.  We suggest that the 
intermolecular association between SM and DSPC derives from hydrogen bonding, primarily 
between the amide NH group of the sphingosine and the carbonyl or esteric oxygens on DSPC.  
SM does not prevent a phase transition from occurring, but it does provide stability at 
physiological temperatures.  
 SM is rarely considered the primary stabilizing component of a membrane.   Rather, this 
role is generally attributed to Chol formation of the liquid-ordered phase.14, 29, 30  Interestingly, 
there is evidence that rafts of the protein caveolin-1 can form without Chol in Caenorhabditis 
elegans.64  Also, room-temperature microdomain formation in renal brush-border membranes is 
achieved without Chol, and in fact Chol may suppress domain formation near physiological 
concentrations.65  While there are reports of features smaller than 100 nm induced in 
SM/Chol/lipid mixtures in the presence of proteins,25, 66 we achieve SM-rich domains with 70 nm 
spacing absent protein or Chol.  Our results add to the evidence that SM contributes to both 
stability and localization in model membranes.  We note that in the presence of SM, 
phospholipid mixtures form multilayers rather than bilayers.  This is likely because of 
electrostatic forces which stabilize lipids in planar form and prevent dissolution upon washing. 
 We do not observe a stabilizing effect of any domains in the presence of Chol.  Chol 
orders lipid bilayers into a uniform, liquid-ordered phase.  Chol also moves from the lipid tail 
region to the lipid headgroup region at 40°C.  Both of these phenomena prevent Chol from 
supporting the formation of phase-segregated domains.  We note ATR-FTIR data which show 
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that SM has a greater ordering effect than Chol on DSPC-DOTAP SLBs.  Together, these results 
suggest a greater stabilization of DSPC-DOTAP SLBs by SM than Chol. 
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5.4  Figures 
 
 
 
 
Figure 5.1  Molecular drawings of each component studied herein. 
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Figure 5.2  Atomic force micrographs of 60 mol% DSPC/40 mol% DOTAP with no SM or Chol, 
shown with increasing temperature.  Scale bar = 400 nm.
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Figure 5.3  Atomic force micrographs of 60 mol% DSPC/40 mol% DOTAP with varying 
concentrations of Chol, shown with increasing temperature.  Scale bar = 400 nm.
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Figure 5.4  Atomic force micrographs of 60 mol% DSPC/40 mol% DOTAP with varying 
concentrations of SM, shown with increasing temperature.  Scale bar = 400 nm. 
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Figure 5.5  Images and cross-sectional analysis for DSPC-DOTAP multibilayers with (A) no 
SM, (B) 10 mol% SM, and (C) 40 mol% SM. 
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Figure 5.6  DSC thermograms of 0, 10, and 40 mol% SM in DSPC/DOTAP vesicles. Also shown 
is 5 mol% gA in DSPC/DOTAP vesicles.
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Figure 5.7  Atomic force micrographs of 60 mol% SM/40 mol% DOTAP, shown with increasing 
temperature.  Scale bar = 400 nm. 
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5.5  Table 
Table 5.1  List of dichroic ratios (asymmetric and symmetric) for each SLB composition.  To the 
right of each dichroic ratio is listed the % change for each measurement from additive-free 
DSPC/DOTAP. 
 
Lipid D2920 % Change from Neat D2850 % Change from Neat 
Neat DSPC/DOTAP 1.04 0.00 0.99 0.00 
DSPC/DOTAP/10 mol% SM 0.86 - 17.3 0.68 - 31.3 
DSPC/DOTAP/40 mol% SM 0.88 - 15.4 0.80 - 19.2 
DSPC/DOTAP/25 mol% Chol 0.97 - 6.73 0.93 - 6.06 
DSPC/DOTAP/40 mol% Chol 0.99 - 4.81 0.89 - 10.1 
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Appendix A.  MAC Stage and Temperature Control 
Troubleshooting and Repair 
 
A.1 Introduction 
 The Agilent-Digital Instruments atomic force microscope in the Gewirth laboratory 
requires particular care by the user because of improvised interfaces present between two 
manufacturers’ systems.  Fortunately, with ample monitoring during use, the instrument is very 
effective.  Some of the errors described herein are also the result of an outdated design by the 
manufacturer or simply due to the age of the equipment.  As of Summer 2010, the Agilent 
PicoSPM 300 series is no longer sold or serviced by the manufacturer.  This appendix will 
address some of the most significant troubleshooting topics identified and resolved throughout 
the work of this dissertation.  Other common problems are covered in the related instrument 
manuals available in the Gewirth laboratory labeled “AFM” or “Vivian”, or in Tighe Spurlin’s 
dissertation (2007).  
 
A.2.  Identifying the Source of “S. Over” Error on Temperature Controller 
   One common problem encountered during MAC-mode AFM experiments is failure of 
temperature control.  This error is identified by a “S. Over” message indicated on the 
temperature controller screen in the actual, or “A,” thermistor measurement.  This error indicates 
an open circuit between the temperature controller and the MAC stage.  The wire connector from 
the temperature controller cable to the MAC stage seems to break connection unless it is 
stabilized enough to both provide tension and allow flexibility for the MAC stage to be adjusted.  
Too much tension causes the MAC stage to drift while leveling; too little tension causes the 
thermistor reading to either fluctuate significantly or read “S. Over.”  As a rule of thumb, the 
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stage should be set up before the gravity cooling system is in place; if the actual temperature 
reading does not make sense (e.g. it is not near 23°C), the connecting wire must be further 
adjusted either up or down.  If this does not change the “S. Over” reading, the thermistor most 
likely requires repair or replacement. 
 
A.3.  Diagnosis of Thermistor and Peltier Heater Unit Failure 
 To identify whether either the thermistor or the Peltier heater unit (also called the TEC, or 
thermoelectric cooler) requires replacement, follow this protocol. 
 
A.3.1.  Thermistor Diagnosis 
 Measure the resistance across the thermistor.  This can be performed by connecting the 
two leads of a multimeter to the prongs connected to two blue wires on the connecting wire 
between the MAC stage and the temperature controller, assuming the wire is connected to the 
MAC stage.  The prongs are labeled “D” and “E” and are shown in Figure A.1.  The resistance 
across the thermistor should read approximately 110 Ω.  If this does not happen, there is most 
likely a short.  Check the wires coming from the thermistor to ensure that they are not shorted.  It 
is recommended that these connections be broken and resoldered.  If soldering the wires does not 
change the current flow reading, then the thermistor is most likely broken.  This unit cannot be 
repaired internally; it must be replaced as described in section A.4.1. 
 
A.3.2.  Peltier Heater Unit Diagnosis 
 The resistance across the Peltier heater unit should be measured as described for a 
thermistor in section A.3.1.  The resistance across the Peltier heater unit should read 
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approximately 65.7 Ω.  If the measurement is significantly off, reverse the multimeter leads and 
try again; since the Peltier is a semiconductor device, the polarity of the multimeter matters when 
measuring resistance.   
 Next, the current flow should be monitored through the Peltier heater unit.  Set the 
temperature controller to “open” control mode.  This is performed using the following protocol: 
[Control Setup > Control Mode > Open].  Set the heater range to “high.”  If the Peltier is 
working, the reading above the heating range should increase to 100%, indicating that current is 
flowing without restriction.  If this does not happen, there is most likely a short.  Check the wires 
coming from the Peltier to ensure that they are not shorted.  It is recommended that these 
connections be broken and resoldered.  If soldering the wires does not change the current flow 
reading, then the Peltier heater unit is most likely broken.  This unit cannot be repaired 
internally; it must be replaced as described in section A.4.2. 
 
A.4.  Repair Options 
 First, carefully remove any room temperature vulcanization (RTV) polymer, electrical 
tape, or other adhesive from the base of the stage.  This includes the epoxy connecting the white 
plastic unit connected to the MAC stage-temperature controller jumper cable.   
 The wires connecting the MAC solenoid to the stage must be disconnected.  Carefully 
remove any heat shrink with a razor blade and disconnect the wires with a hot soldering iron.  
Next, the screws on top of the stage securing the MAC solenoid apparatus must be removed.   
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A.4.1.  Thermistor Replacement 
 At this point, access should be made to the thermistor, which is located in the white 
ceramic base.  It can be removed by gently tugging, although the adhesive or RTV may need to 
first be removed with a razor or X-Acto knife. 
 A replacement thermistor can be purchased from LakeShore Cryotronics.  The correct 
model for the MAC-II stage in the Gewirth laboratory is PT-111, which cost $123 as of 2008.  
The new thermistor should be coated using thermal grease, which will improve thermal 
conductivity from the copper cover plate to the thermistor.  Once the thermistor wires are 
soldered to the appropriate connectors, the Pt leads should be painted with an insulating paint, 
such as GLPT, or Apiezon wax.  This will prevent shorts once the stage is operating and 
encounters moisture. 
 
A.4.2.  Peltier Heater Unit Replacement 
 A new Peltier heater unit by Laird Technologies can be purchased from Sager Electronics 
(Middleboro, MA). The model number is “SH10,23,06,L1,W4.5” and it is 15 mm in width with a 
maximum operating temperature of 80°C.  Sager and Laird refer to this class as both 
“thermoelectric heating elements” (THE) and “thermoelectric modules” (TEM). 
 To remove the old TEC from the copper cooling assembly/MAC solenoid, a Dremel tool 
is most likely necessary because of the silver paint used to attach it.  The disabled, white TEC 
unit should be chiseled out or ground down with the Dremel tool.  Extreme caution is 
recommended in this step to avoid drilling into the MAC solenoid core, as this is the most 
sensitive component of the apparatus. 
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 Solder the lead wires from the TEC to the red wires on the jumper cable which go into 
pins “A” and “B.”  Before reattaching the Peltier heater, the operation should be tested.  If the 
thermistor is installed properly, the temperature controller should be set to “closed” loop mode.  
Alternatively, the controller can be set to “open” control mode to independently heat the TEC, 
although this will not allow the thermistor accuracy to be checked.  Plug the jumper cable into 
the temperature controller, set a temperature higher than room temperature, and set the heat 
function subsequently to low, medium, and high.  When current flows, one side will get hot and 
the other side will get cold.  Take note of the hot side; this surface should be pointed up towards 
the copper stage which has the thermistor inserted.  
 To install the new TEC, paint the “cold” side with silver paint or another conductive paint 
and attach to the copper block which has the cooling tube running through it.  Next, paint the 
“hot” side of the TEC and secure that to the top copper plate which is visible to the top of the 
MAC stage.  Secure the lead wires with Apiezon wax, which will prevent a short between the 
two wires connected to the TEC.  Next, apply RTV over the wires to prevent the wires from 
moving and breaking the solder connection.  If the solder connection does break, the RTV 
coating and Apiezon wax must carefully be removed in order to resolder the wires.  Once the 
entire assembly is properly secured, it may be screwed back into place and put into operation. 
 
A.5.  Extended Care 
 Continuous operation of a repaired temperature-control MAC stage is achieved by taking 
tremendous care to both properly store the stage and monitor all conditions throughout use.  
Condensation is frequently found on the base of the unit because there is a hot Peltier heater unit 
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and an ice-cooled water line flowing near it.  This condensation can cause shorts if any wires are 
exposed, so the wires must be inspected regularly.   
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A.6  Figures 
 
 
 
Figure A.1  Schematic of wiring pattern for jumper cable connecting the MAC temperature 
controlled stage to the LakeShore Cryotronics temperature controller. 
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Figure A.2  Photograph diagramming the bottom of the MAC stage. 
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Figure A.3  Photograph diagramming the top of the MAC stage. 
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Appendix B.  Ortho PCB Disrupts Lipid-Cholesterol Interactions 
 
B.1 Introduction 
The interaction of polychlorinated biphenyls with cell membranes has emerged a subject 
of recent interest.  Many studies have shown the unique result of cell death upon exposure to 
certain PCB isomers but not others.1-4  We examined the interaction of two PCB isomers with a 
supported lipid bilayer using fluorescence correlation spectroscopy and atomic force microscopy, 
as well as differential scanning calorimetry of the analogous vesicles.5  In our report, which is 
also described in Chapter 4, we presented a model of the PCB-lipid interaction.  We proposed 
that while the ortho PCB isomer is sufficiently hydrophobic enough to insert into the bilayer, the 
planar PCB isomer remains further outside of the bilayer, displaying a higher affinity for the 
hydrophilic head region of the bilayer and disrupting the characteristic two phase transitions for 
an SLB.  The ortho PCB isomer slows the diffusion of the bilayer yet retains two distinct phase 
transitions characteristic of an SLB.  This is because of a higher affinity between ortho PCB and 
the hydrophobic tail region of the bilayer.  The work of PCB-lipid-cholesterol interactions 
described herein reports further evidence supporting our previously proposed model. 
 The lipid-cholesterol interaction has been highly studied using various techniques.  
Smutzer and Yeagle applied fluorescence anisotropy measurements to conclude that cholesterol 
concentrates within a DMPC bilayer, and at concentrations above 5 mol% it completely 
eliminates the neat lipid phase transition.6  Many reports confirm these results.7-9  In the presence 
of cholesterol, the lipid bilayer transitions from a gel to a liquid-ordered phase before eventually 
transitioning to a liquid-disordered phase; the liquid-ordered phase is not observed for 
cholesterol-free systems. 
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 Our previous results indicate that ortho PCB inserts into the hydrophobic region of lipid 
bilayers.  There should be effects of PCB insertion in bilayers incorporating cholesterol.  In 
addition, ortho PCB—not planar PCB—is implicated in thymocyte and granule cell death.1-3  As 
most eukaryotic cells include cholesterol, the effects of ortho PCB on cholesterol-inclusive 
model membranes should be better understood.  
 We have optimized the use of magnetic-acoustic mode AFM for the visualization of 
phase transitions in supported lipid bilayers.  In this work we report the observation of a liquid-
ordered DMPC bilayer induced by cholesterol, and the subsequent disruption of the liquid-
ordered phase by an ortho PCB isomer but not the planar PCB isomer.   
 
B.2  Results 
 For consistency with previous studies, all experiments maintained the PCB concentration 
at 7.2 µM based on total solution, unless otherwise noted.   
 In Figure B.1, six scans are presented at 15, 20, 25, 30, 35, and 40°C for a supported 
DMPC bilayer incorporating 24 mol% Chol.  The scan at 15°C shows many defect features 
typical of a DMPC bilayer at this temperature, due to non-uniform spreading of the gel-phase 
lipid.  As the temperature is raised to 20°C in the second scan, defects only slightly change in 
shape.  However, by 25°C, many of the defects have filled in or closed partially, which indicates 
that much of the lipid is transitioning from gel phase to a liquid-ordered phase.  To ensure that 
the supported bilayer was in a liquid-ordered phase and not simply proceeding through one of 
two phase transitions, the temperature was further increased.  The scan images for 30, 35, and 
40°C each show similar defect structures, with the cracking features characteristic of a second 
DMPC SLB phase transition absent.  The significantly static nature of the bilayer at these 
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temperatures strongly suggests that the bilayer is in the liquid-ordered phase, as expected for a 
lipid with 24 mol% Chol incorporated. 
 In Figure B.2, six scans are presented at 15, 20, 25, 30, 35, and 40°C for a supported 
DMPC bilayer incorporating 24 mol% Chol and 7.2 µM PCB 77, a planar PCB isomer.  At 
15°C, there are defect features in the bilayer similar to those seen in Figure B.1.  These defects 
are mostly intact at 20°C.  However, at 25°C, the holes begin to fill in, as was observed at the 
same temperature in Figure B.1.  At 30°C, the holes have filled in slightly further.  From 30 to 
40°C, however, there does not appear to be any change to the remaining holes.  
 In Figure B.3, six scans are presented at 15, 20, 25, 30, 35, and 40°C for a supported 
DMPC bilayer incorporating 24 mol% Chol and 7.2 µM PCB 52, an ortho-substituted and bent 
PCB isomer.  At 15°C, defect hole features are observed as expected for a gel-phase lipid bilayer 
supported on mica, which are also seen for samples without PCB (Figure B.1) and with PCB 77 
(Figure B.2).  As seen in other samples, a 5°C temperature increase to 20°C does not change the 
defect hole shapes significantly.  At 25°C, however, many of the defect holes have been 
completely backfilled by fluid lipids.  At 30°C, all defect holes have been completely backfilled.  
No additional defect holes are observed from 30°C to 40°C.  All defect-free images feature a 
greater degree of roughness than images at lower temperatures incorporating defect holes. 
 
B.3  Discussion 
 The behavior of phospholipids in a bilayer supported by mica has been previously 
reported.5, 10-13  In this study, the influence of cholesterol on a lipid bilayer was studied in the 
absence and presence of two different PCB isomers.  We have previously reported these two 
PCB isomers to influence a cholesterol-free bilayer in different ways.   
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 Figure B.1 illustrates a DMPC bilayer incorporating cholesterol.  The membrane 
dynamics observed here are expected for the liquid-ordered phase.  Defect holes, which are 
suggestive of an non-equilibrated membrane due to lipid rigidity, are present at low temperature.  
These holes form because the lipid bilayer is rapidly cooled after forming at higher temperature 
(from approximately 50°C to 15°C).  Previously, we have reported that these defects partially 
backfill as the temperature is raised near the phase transition temperature for that lipid (in the 
case of DMPC, 23°C).11   
 We also expect to see a second phase transition at 5-8°C higher than the normal phase 
transition temperature.  This second transition is caused by asymmetric melting of the lower 
bilayer leaflet.  The lower bilayer leaflet is stabilized by an ordered water layer, which separates 
it from the mica substrate.  This transition is observed in the absence of contaminant molecules 
by a network of cracks in the bilayer surface.  For a bilayer with a contaminant, such as 
cholesterol, the second phase transition can be eliminated as the intercalating molecule 
destabilizes the lower leaflet, effectively bringing it into phase equilibrium with the upper leaflet.  
This effect was reported for the incorporation of the peptide gramicidin A.11   
 Cholesterol is expected to induce the liquid-ordered phase.  In the liquid-ordered phase, 
lipid molecules tightly pack around the cholesterol molecule to minimize hydrophobic forces 
within the bilayer, while still maintaining some flexibility.  The liquid-ordered phase is 
characterized by techniques such as differential scanning calorimetry, 2H-NMR, and to eliminate 
phase transitions throughout the temperature range typical to the lipid.7, 9 
 Of significant interest to this study is the presence of holes through 40°C in Figure B.1.  
The phase transition of DMPC occurs at 23°C, and distinct features are not typically seen above 
30°C after the second phase transition has proceeded.  The presence of these holes suggests that 
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the bilayer has entered the liquid-ordered phase domain.  It is likely that the bilayer is already 
within liquid-ordered phase at 15°C, as only minor backfilling of defects occur.  Since the liquid-
ordered phase allows fluidity of lipids, this is not an unlikely result.  However, the presence of 
defects through 40°C strongly suggests that some order beyond that of a liquid-disordered phase 
is sustained among the component lipids.   
 It is also interesting to note that the bilayer defects in Figure B.1 start to backfill most 
significantly after 25°C.  Cholesterol is suggested to relocate within a lipid bilayer as 
temperature increases, particularly between 30 and 45°C.14  The increased backfilling seen in 
Fig. B.1 above 25°C may be a result of this phenomenon. 
 In Figure B.2, a cholesterol-inclusive DMPC bilayer with planar PCB behaves very 
similarly to the bilayer absent PCB.  At low temperatures, defect holes are present.  Following 
the typical phase transition of DMPC, some backfilling of holes has occurred, but the bilayer 
otherwise maintains structural integrity with holes present through 40°C.   
 We have previously reported that a planar PCB does not intercalate deep into the 
hydrophobic region of the bilayer.  Results from AFM and DSC studies suggest that a planar 
PCB remains closer to the polar headgroup region of lipids in a supported bilayer.  Here, we are 
confronted with data which corroborates that conclusion.  An interrupting PCB molecule would 
likely disrupt the organization observed in the presence of cholesterol.  Instead, Figure B.2 
illustrates that the DMPC-Chol bilayer appears similar in both the presence and absence of a 
planar PCB.  Defect holes, which are slightly smaller due to backfilled lipid, remain up to 40°C.   
 We note that bilayer defect holes decrease in size above 25°C to a greater extent than 
they do in Figure B.1.  This backfilling may be due to the relocation of cholesterol closer to the 
hydrophilic headgroups of the bilayer.  It is interesting that we expect planar PCB molecules to 
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localize near the hydrophilic headgroups as well.  Interruption of cholesterol ordering by planar 
PCB near the headgroup region may cause this increased defect backfilling. 
 In Figure B.3, we note a sharp comparison between the intercalating behavior of a planar 
PCB and the ortho-substituted, bent PCB isomer.  Here at 15 and 20°C, a DMPC bilayer 
incorporating both cholesterol and ortho PCB appears similar to bilayers with planar PCB or 
without PCB present.  A significant difference is seen after the first phase transition temperature 
of DMPC.  At 25°C, there is significant backfilling of bilayer defects observed in AFM images.  
Further heating allows for complete backfilling by lipids, and at 30°C there are no discernible 
defect holes.  The bilayer appears to be in one uniform phase.  We suggest that the DMPC-Chol 
bilayer incorporating ortho PCB is less ordered than PCB-free or planar PCB analogous bilayers.  
The roughness seen at higher temperatures in Figure B.3 has been observed in other SLB 
samples by AFM.  This could be caused by PCB molecules disrupting the packing between 
DMPC and cholesterol molecules in the hydrophobic region, where an ortho PCB is expected to 
insert. 
 The elimination of defect holes above 30°C is likely caused by disruption of the 
cholesterol in the hydrophobic region of the bilayer.  This effect is expected, as cholesterol and 
ortho PCB localize in the same region of this sample.  The concentration of cholesterol and ortho 
PCB is calculated to be 620 and 7.2 µM, respectively.  Since cholesterol is present in such a high 
concentration compared to ortho PCB, it is unlikely that the PCB is completely displacing all 
cholesterol.  It is more likely that ortho PCB interrupts the closely-packed cholesterol-DMPC 
domains.  Our results do not suggest that the liquid-ordered phase is eliminated.   
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B.4  Conclusion 
 This study demonstrates that two PCB isomers with different bilayer insertion behavior 
exert different influences on a DMPC bilayer with 24 mol% Chol incorporated.  Absent PCB, we 
present AFM images showing no significant change in morphology, which suggests that the 
bilayer is in a liquid-ordered phase.  We show that defects present in a PCB-free bilayer are not 
eliminated after incorporation of planar PCB, even at temperatures well above the DMPC phase 
transition. In contrast, bilayer defects are eliminated above the DMPC phase transition 
temperature when ortho PCB is incorporated. 
 The difference of insertion behavior is because of different geometry for each PCB 
isomer.  PCB 77 is a planar molecule with polar character with preference for a hydrophilic 
environment.  PCB 52, having ortho-substituted chlorine atoms which force a bent structure 
around the biphenyl bond, is nonpolar and localizes preferentially in the hydrophobic region of 
the lipid bilayer.   
 Ortho PCB, not planar PCB, eliminates the DMPC-Chol bilayer defects seen absent PCB.  
The elimination of defect holes in the DMPC-Chol bilayer suggests that ortho PCB disrupts 
bilayer order.  Disruption of these structures should occur if an interfering molecule is present in 
the same region as Chol.  Therefore, we conclude that ortho PCB localizes in the hydrophobic 
bilayer region, where it is able to interrupt the liquid-ordered bilayer phase.  Planar PCB 
localizes primarily away from the hydrophobic region, likely near the hydrophilic headgroups.  
These conclusions support the model we have previously proposed in Chapter 4. 
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B.5  Figures 
 
 
 
Figure B.1  Atomic force microscopy (AFM) measurements of bilayer morphology for a mixture 
of DMPC with 24 mol% cholesterol, supported on freshly-cleaved mica. Note that bilayer 
surface defects remain throughout the scan and no significant phase transitional morphology is 
observed, unlike what is reported for cholesterol-free DMPC.11  
126 
 
 
 
Figure B.2  Atomic force microscopy (AFM) measurements of bilayer morphology for a mixture 
of DMPC with 24 mol% cholesterol, with 7.2 µM planar PCB incorporated and supported on 
freshly-cleaved mica. Note that, as with the PCB-free case, bilayer surface defects remain at all 
temperatures and no distinct phase transition morphology is seen. 
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Figure B.3  Atomic force microscopy (AFM) measurements of bilayer morphology for a mixture 
of DMPC with 24 mol% cholesterol, with 7.2 µM ortho PCB incorporated and supported on 
freshly-cleaved mica. Note that bilayer surface defects disappear by 30 °C, unlike the planar 
PCB and PCB-free cases. 
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Appendix C.  Imaging Silver Nanoparticles on a Supported Lipid 
Bilayer 
 
C.1 Introduction 
The influence of antimicrobial materials on cell membranes is a subject of recent interest.  
One such material, having gained significant commercialization success despite a lack of 
experimental data on its mechanism, is silver nanoparticles.1-3   
Silver nanoparticles can be synthesized in several ways.  A simple and straightforward 
synthesis is the reduction of silver anions by a strong reducing agent, such as borohydride.4  
Other routes to silver nanoparticles include electrochemical,5, microwave,6 and photocatalytic 
processes.7 
 A method to produce silver nanoparticles with biological reducing agents has also been 
reported.8  In this method, the metabolites of Streptomyces hygroscopicus were employed to 
reduce silver ions within 24 hours.  The resulting nanoparticles, ca. 20-30 nm in size, were found 
to exert excellent growth inhibition of several bacteria, including Bacillus subtilis, Enterococcus 
faecalis, Escherichia coli and Salmonella typhimurium.  This method is reportedly less 
biologically unsafe and less chemically toxic than other methods, well-suited for commercial 
manufacturing. 
 Silver nanoparticles are incorporated in many textile, pharmaceutical, and engineering 
applications because of their antimicrobial activity.9  Unfortunately, the environmental and 
physiological effects of silver nanoparticles is not well-understood, and toxicity of these 
materials remains a significant question.10-15  The benefits that antimicrobial nanoparticles have 
in commercial applications—prolonged fabric life, reduced odors, etc.—could possibly be 
outweighed by environmental proliferation or side effects not yet understood. 
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We performed a series of experiments toward the direct visualization of silver 
nanoparticles on SLBs.  First, we synthesized silver nanoparticles using a published method.4  
Then, we characterized nanoparticles using transmission electron microscopy (TEM).  Finally, 
we introduced silver nanoparticles to both zwitterionic and anionic SLBs and imaged the system 
with AFM to visualize both nanoparticle movement and potential changes in bilayer 
morphology.  Specifically, our objective was to visualize localization of silver nanoparticles by 
altering the surface charge of the SLB. 
 
C.2 Results 
Figure C.1 shows the UV-Visible spectrum of a colloidal solution for the synthesized 
particles.  The major peak at 400 nm is characteristic of silver nanoparticles.4  The inset in Fig. 
C.1 shows an image obtained from TEM for the same colloidal solution following evaporation 
onto a copper TEM grid.  The particles are ca. 3 nm in diameter and monodisperse as determined 
from TEM.  Other TEM images (Figure C.2) indicate that silver nanoparticles can form as large 
as 50 nm in diameter. 
Figure C.3 shows AFM images of two SLBs with or without silver nanoparticles.  The 
first two images show an SLB of DMPC with silver nanoparticles at 15 and 25°C.  The images 
are similar to those seen for a native DMPC bilayer16 with the addition of a few distinct higher 
species present.  In some images, the AFM tip appears to drag these species across the scanning 
region, as shown in Figure C.4.  Our control studies (not shown) did not reveal these species for 
DMPC SLBs.   
Figure C.3 also shows AFM images of an SLB for 1:1 DMPC:DMPG, first without and 
then with silver nanoparticles added.  The addition of silver nanoparticles to these SLBs reveals a 
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second higher region in the bilayer.  An excavated hole in the 15C image for DMPC/DMPG + 
AgNPs reveals that there is a fully-formed bilayer below the higher region.  These regions do not 
move as the species in DMPC bilayers do, and they are much larger in size.  It is likely that this 
higher region observed in AFM images at both 15 and 25°C is related to the presence of AgNPs.   
 
C.3 Discussion 
 Reduction of AgNO3 by NaBH4 results in silver nanoparticles (AgNP), as confirmed by 
UV-Vis absorbance near 400 nm.  TEM characterization reveals that AgNPs are well-formed and 
range in size from ca. 5-50 nm.  AFM images indicate that  AgNP-associated features are present 
on the surface of supported lipid bilayers.  The size range of these AgNP-associated features is 
on the order of hundreds of nanometers, larger than the size range identified with TEM. 
 We consider the interaction between AgNPs and supported DMPC bilayers, as indicated 
at 15 and 25°C in Figure C.3.  The fact that very few AgNP-associated features are present on 
the DMPC bilayer suggests that silver does not preferentially accumulate on this surface.  This 
could be due to a lack of electrostatic forces encouraging AgNP stabilization on the zwitterionic 
DMPC surface.  Figure C.4 shows a feature associated with AgNPs being moved across the 
bilayer surface.  This has previously been reported for SLBs with C60 particles.
17  This result 
further suggests that AgNPs are not strongly-associated with a DMPC bilayer, but are easily 
pushed across the surface by an AFM cantilever. 
 We now compare the AgNP interaction with a zwitterionic supported bilayer to a mixed 
supported bilayer comprising both DMPC and anionic DMPG.  First, we show two images of 
AgNP-free DMPC/DMPG.  Both DMPC and DMPG have phase transition temperatures near 
23°C.  An AFM image in Figure C.3 reveals a normal gel phase bilayer at 15°C.  Upon heating 
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to 25°C, an AFM image reveals cracks, which are indicative of a phase transition in the upper 
bilayer leaflet.  We did not study beyond 25°C, although we expect the bilayer to fully enter fluid 
phase after the lower leaflet transitions around 30°C.  This phenomenon is due to asymmetric 
stabilization, as previously reported.16  Importantly, no high features which could be associated 
with AgNPs are observed in these images. 
 In contrast, AFM images show that bilayers of DMPG/DMPC with AgNPs present reveal 
a high domain.  This high domain is substantially larger in coverage than the high domain 
observed on a DMPC bilayer.  Also, we observe no motion of the higher features across the 
bilayer surface as we do for features on a DMPC bilayer.  Together, these observations suggest 
that AgNPs are aggregated and stabilized on a DMPG/DMPC bilayer surface.   
 The presence of  aggregated AgNP domains with high surface coverage is most likely 
caused by electrostatic interactions between anionic DMPG and AgNPs.  We expect that AgNPs 
are slightly cationic.  If AgNPs were anionic, they would be repelled from the DMPG/DMPC 
surface.  In that case, we would likely see higher features dragged across the surface by an AFM 
cantilever, as shown in Figure C.4.    
 
C.4 Conclusion 
We have synthesized silver nanoparticles and presented preliminary work towards the 
visualization of these nanoparticles on a supported lipid bilayer surface. We report that silver 
nanoparticles aggregate on the surface of an SLB.  Aggregation increases in the presence of a 
charged lipid, suggesting that silver nanoparticles carry a slightly positive overall charge.  We do 
not know if silver nanoparticles insert in a membrane, or if they are confined to the hydrophilic 
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surface region.  A study of these systems with attenuated total reflectance-infrared spectroscopy 
would identify whether AgNPs insert into the bilayer or remain on the surface. 
The implications of silver nanoparticles on membranes contributes significantly to an 
understanding of nanoparticle toxicity.  Our results lay a foundation for more in-depth studies of 
silver nanoparticles on SLBs, which serve as a versatile model for physiological membranes.  
These systems can be applied as a platform for modeling membrane-nanoparticle interactions 
and morphological changes.  An experiment with cationic—rather than anionic—lipid would 
further confirm our hypothesis that AgNPs are slightly cationic.   
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C.5 Figures 
 
 
Figure C.1  UV-Vis spectrum of nanoparticles. (Inset) Transmission electron micrograph of 
silver nanoparticles.  
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Figure C.2  Transmission electron micrograph of larger silver nanoparticles. 
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Figure C.3  AFM images of several SLB compositions with or without silver nanoparticles. 
 
 
Figure C.4  AFM image of a DMPC SLB at 27°C showing a particle dragged across the surface 
by the AFM tip. 
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